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Thermal properties of investment casting shells have a great influence on the 
solidification of metal and thus control the properties of the cast product.  Computational 
simulation requires accurate thermal properties to better represent the real process.  Due 
to the porosity and meta-stable materials used in the investment shells, it is difficult to 
determine the real time thermal properties as a function of components and thermal 
processing history.  Previous studies measured the thermal properties using a variety of 
methods, but very few results can be directly used in simulations due to lack of accuracy. 
This research developed a new methodology that combines the laser flash thermal 
diffusivity measurement technology and inverse method.  This methodology was used to 
accurately characterize the thermal properties of the investment shells within the 
temperature range from 200 ºC to 1200 ºC.  Tests were performed on the shells over a 
wide component range and different thermal processing histories (prefiring at 600 ºC, 850 
ºC, 1000 ºC).  It was also found that at under 1000ºC, a higher prefiring temperature 
reduces the reactivity of amorphous silica toward devitrification during the casting 
process, thus a lower thermal conductivity shell can be achieved. 
Cenosphere particles were applied in the investment shells to engineer the 
investment shell thermal properties.  Compared to introducing porosity by sacrificed 
phases, the use of cenospheres was found effective to lower the thermal diffusivity by up 
to 70% but retain a favorable thermal diffusivity/mechanical strength ratio.   
Moreover, metal/mold interactions were analyzed for several prime coat 
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The investment casting process involves the production of castings using an 
expendable pattern [1].  The basic steps to produce an investment cast component using 
an investment casting ceramic shell mold are shown in Figure 1.1 [2].  First, 
multicomponent slurry composed of a fine mesh refractory filler system and a colloidal 
binder system is prepared.  A pattern is dipped into the slurry, drained, sprinkled with 
coarse refractory stucco and dried.  This process is repeated several times until the 
required thickness of shell is built up.  Typically, the shell consists of one or two prime 
coats to provide good surface finish, up to ten back-up coats to add strength to the shell, 
and one seal coat compose by just slurry to avoid any abrasive loss of stucco during 










1.1. LITERATURE REVIEW 
1.1.1. Thermal Properties.  Theoretically, thermal energy is transferred by 
coupling between lattice vibrations or by electronic movement and collisions with atoms.  
Phonon is a quantum of vibration that conducts heat.  The total number of phonons in a 
system that vibrates is related to the temperature: the higher temperature, the stronger the 
vibration and the greater amount of phonons.  The phonon-phonon interaction plays an 
important role for the thermal conduction in most of the ceramics [7].  At high 
temperature, phonons will be scattered easily which will cause a decrease in thermal 
conductivity.  However, some investment casting shells made of semi-transparent silica 
have an increasing thermal conductivity with the temperature rise because photon 
transmission becomes significant to the thermal conductivity [8]. 
1.1.1.1 Porosity effect.  It is important to note that the ceramic shell has a 
moderate porosity (~30%) with some fraction of inter-connected porosity to provide 
permeability.  The variation of porosity strongly affects the thermal properties of the 
ceramic shells.  In 1939 Austin proposed an equation describing the relationship between 
thermal conductivity of porous materials and their porosity [9].  Afterward, Francl, 
Kingery [10], Biancheria [11], Aivazov, Domashnev [12] and Sugawara [13] presented 
other equations to account for the effect of porosity on thermal conductivity.  S.K Rhee 
[14] reviewed these relationships in 1975 and concluded that the Aivazov and 
Domashnev equation better describes the effect of porosity on thermal conductivity [12]: 
 
                                         K/K0=(1-P)/(1+nP
2
)                       (1) 
 
In Eq. 1, K is the thermal conductivity of a porous ceramic body, K0 is that of the dense 
ceramic body, P is the volume fraction of pores, and n is a constant depending on pore 
structure and topology. 
Aivazov tested this equation and satisfactory results were obtained in a specimen 
with up to 74% randomly distributed porosity within the temperature range where 
radiation heat transfer is negligible [12].  More recently, experimental studies of porous 
alumina ceramics prepared using starch as a pore-forming agent were performed.  It 
suggested the Eq. 2 [15] at elevated temperatures (from room temperature up to 500°C): 
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                                       kr = exp(−1.5φ/(1−φ))                       (2) 
 
In eq. 2, φ is the porosity, and kr = k/k0 is the relative thermal conductivity, with k 
denoting the effective thermal conductivity of the porous material and k0 denoting the 
thermal conductivity of the dense phase. 
In industrial practice, introducing porosity in the mold is an effective way to 
lower the thermal diffusivity.  However, such an increase in porosity will lower the 
strength of the shell molds.  Published experimental strength and porosity data of various 
porous ceramics were reviewed [16] and these data were compared with values calculated 
from both the minimum solid contact area and the pore stress concentration effect models 
[17].  According to the minimum solid contact area model, the mechanical strength of the 
fully dense ceramic decreases exponentially with increase in volume fraction porosity 
(P): 
 
                                                       σ =  σ0 exp (-bP)                                                         (3) 
 
In eq. 3, b is an empirical parameter related to the minimum solid area and dependent on 
the pore structure. 
According to the pore stress concentration effect model, the resulting fracture 
strength-porosity relationship for all ceramic materials can be given by a power equation 
of the form: 
 
                                                       σ =  σ0 (1-P)
η
                                                                                              (4) 
 
In eq. 4, η is related directly to the pore structure (shape and orientation of the pores with 
respect to the stress axis) and the Poisson's ratio of the material.  Kline et al. [18] found 
that increasing the open porosity in a shell mold from 19% to 27% reduced the modulus 
of rupture from 11 MPa to 6 MPa.  The adverse effect of porosity on strength of the 
multilayer ceramic shell mold limits the opportunity for engineering thermal properties of 
the shell molds by conventionally adjusting the porosity.   
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1.1.1.2 Thermal history effect.  It is reasonable to expect that the shell 
processing thermal history is an important factor that influences the investment shell 
thermo-physical properties.  Generally, a shell mold, constituting a mixture of a set of 
thermodynamically metastable ceramic ingredients, is exposed at several thermal cycles 
before the final casting is poured.  These thermal cycles include wet mold drying and 
aging, heating for pattern removal, sintering during prefiring, preheating before pouring 
and finally heating/cooling from the liquid metal during casting solidification and 
cooling.  Considering that the colloidal silica binder as well as the flour filler and most 
stucco ceramics are amorphous to a significant extent, the degree to which the amorphous 
to crystalline transformation takes place during the processing also has a great effect on 
the thermal properties of ceramic shell [19-21].  Mahimkar et al. [20] measured the heat 
capacity of different shell systems after exposure to different thermal histories, and these 
authors drew a correlation between the change of the heat capacity and the silica phase 
transformations.  Meulenberg [21] et al. detected the phase transformation of silica binder 
from being completely amorphous in the unfired condition to cristobalite within the usual 
prefiring temperature range between 900 °C and 1500 °C, in which range zircon remains 
stable [22]. 
1.1.1.3 Experimental measurement methods.  Several experimental methods 
have been developed to determine the thermal properties of the highly porous investment 
shell mold material.  The hot wire method has been used to measure the thermal 
conductivity of industrial shell materials [23, 24].  This method utilizes building a 
ceramic shell to a thickness of 2.5 cm (1 inch) on a specially designed thermocouple.  
Then the thermocouple is used as both a temperature sensor and a heating element.  By 
measuring the power input and the rate of temperature rise, the thermal conductivity can 
be calculated as follows [25]:  
 
                                                     (5) 
 
In eq. 5, 
 K – Thermal conductivity 
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 Q – Power input 
 t0 – Start time 
 t1 – Time 1 
 t2 – Time 2 
T1 – Temperature at t1 
T2 – Temperature at t2 
Heames and Geiger [25] used the hot wire method to experimentally measure 
thermal conductivity for different shell systems, and the values of thermal conductivity 
ranging from 0.55 to 0.75 W/mK were reported for the silica shells.  Slightly lower 
values (0.45~0.60 W/mK) were reported for the shells containing zircon flour.  Huang et 
al. [26] used the hot wire method to determine the thermal conductivity of investment 
casting ceramics as a function of particle size, binder composition, and temperature.  
Their measurements showed that for different shell systems, thermal conductivity varied 
from 0.75~1.5W/mK and increased linearly with temperature from 30 °C to 750 °C.  The 
hot wire method assumes that the material is isotropic in all radial directions [8].  
However, investment shells are not isotropic due to their layered structure and thus need 
a directional measurement.  Thus the shells which have an anisotropic structure are 
amenable to the directional nature of the laser flash measurement. 
A laser flash method for directional measurements of thermal diffusivity and 
specific heat capacity was first introduced by Shinzato and Baba [27].  In a laser flash 
thermal diffusivity test, a small specimen is equilibrated at a temperature of interest and 
subjected to high intensity short duration radiant laser pulses.  The typical specimen disc 
dimensions are 12.7 mm diameter by 2 mm thickness.  To insure similar emissivity, the 
front and rear faces of both the reference and the test specimens are covered with a 
sprayed graphite coating.  The energy of the pulse is absorbed on the front surface of the 
specimen and the resulting rear face temperature rise is recorded.  The thermal diffusivity 
value (α) is calculated from the specimen thickness (L) and the time (t1/2) required for 
rear face temperature to reach 50% of its maximum value (Eq. 6): [28]: 
 




In the differential laser flash calorimetry method, a reference specimen (subscript 
“R”) and the test specimen (subscript “M”), are mounted together under the same 
condition at the same temperature and irradiated uniformly with homogenized laser 
beam.  The temperature rise (ΔT) of the reference (graphite) with known specific heat 
capacity (Cp) and the temperature rise of the test specimen are both measured with non-
contact infrared radiation thermometer.  If the density (ρ) of the test specimen is known, 
then the specific heat capacity of the specimen can be calculated (Eq.7):                 
                                  









            (7)        
 
Finally, the thermal conductivity (K) of the shell can be calculated by substituting 
the measured value of specific heat capacity along with the thermal diffusivity in (Eq.8): 
 
                                                           K = αρCp                       (8) 
 
K. Shinzato and T. Baba were also able to measure the thermal diffusivity, 
specific heat capacity and thermal conductivity of glassy carbon and molybdenum from 
300 to 1100K.  Connolly et al. [29] measured the specific heat capacity of investment 
casting shells prepared from a slurry consisting of a 3.7:1 (zircon: silica, by weight) 
mixture of zircon and silica in an aqueous colloidal silica suspension.  Konrad et al. [30] 
measured the thermal property of mullite shells bonded by colloidal silica using 
differential scanning calorimetry (DSC) and laser flash up to 1300°C.  It was found that 
the specific heat capacity (Cp) of the shell was 1.13 J/gK and the K was 1+/- 0.1 W/mK.  
However, the laser flash method involves prior thermal equilibration at the test 
temperature.  More recently, Sabau [8] pointed out that the laser flash had low accuracy 
when measuring the thermal properties for investment casting shells.  It was found that a 
thin fused silica shell specimen had a suitable thermal response time during measurement 
but the results could be affected by the unimpeded laser light penetration through the 
shell due to large voids in the structure.  On the other hand, a thick fused silica shell 
specimen could not be used since it does not have a suitable response time during the 
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measurements.  Also, the open pores on the specimen surface variably reduce the actual 
thickness of the specimen which creates significant uncertainty in the measurement.  
Garcia et al. [31] presented a method to solve this problem by attaching two thin copper 
disks to a porous specimen to ensure a known effective thickness and eliminate the 
penetration of the laser.  However this method is not applicable for a brittle ceramic 
investment shell. 
1.1.1.4 Computational simulation method.  The laser flash method can be 
considered as a method for measuring near steady state thermal properties because a thin 
specimen is thermally equilibrated before taking measurement; however, the thermal 
properties of the investment casting shell vary during the industrial thermal possessing 
due to the presence of metastable phases.  Therefore, the inverse method is another way 
to estimate the “real-time” properties during solidification.  The inverse method is based 
on matching the real cooling curves obtained from the casting and the shell during the 
process to the computer simulated cooling curves.  This is done by varying the properties 
of interest.  In this way, some well-known properties are used as the input to calculate the 
unknown properties.  To determine the shell properties by the inverse method, a shell 
with installed thermocouples is poured with a pure liquid metal which has well-defined 
properties.  The shell thermal properties are estimated by running multiple computational 
fluid dynamic (CFD) simulation iterations varying the thermal conductivity and specific 
heat capacity of the shells over a range of different values in an effort to fit the calculated 
cooling curves to the experimental cooling curves for the shell and alloy [32, 33, 34].  
Sabau and Viswanathan [8] studied the thermo-physical properties of zircon and fused 
silica based investment casting shells using the inverse method.  They measured the 
thermal diffusivity (α) of zircon based prime coat and generated Cp and coefficient of 
thermal conductivity (K) data.  However, the multilayer shell they used created some 
uncertainties with data interpretation.  
1.1.2. Zircon Substitutions.  Zircon is widely used in the prime coat for its 
superior properties: 
(1) Low thermal expansion coefficient: better dimension stability. 
(2) Relatively high thermal conductivity: helps initial solidification. 
(3) Inert to chemical reactions: minimize metal-mold interaction. 
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However, the idea of substitution for zircon has been discussed in recent years, as 
a result of increasing price and limited availability of zircon for long term uses.  Some 
industry sites [35, 36] have tried to use CERABEADS as stucco, which is synthetic 
spherical mullite.  They used alumina and alumino-silicate slurries in their foundries, and 
stated “there was no problem with surface finish”.  However, the parts that they cast were 
relatively small in dimension.  With an increase in casting size, i.e. above 2 inch 
thickness casting, there is also an increase in solidification time.  Thus certain areas of the 
shells, i.e. heavy casting section, will be exposed to metal at elevated temperature for an 
extended period of time, so the metal-mold reaction may become more significant. 
Metal-mold reactions have been studied for decades in industry but most of the 
work was dedicated to no bake sand molds and green sand molds, in which the “burn-in” 
defect is more common [37-59].  This interface reaction is the cause of dimensional 
inaccuracies, surface roughness, sand penetration, and fused sand on steel castings.  
Consequences of casting surface defects include a general reduction in mechanical 
properties, particularly fatigue life in that the endurance limit in bending fatigue is 
sharply reduced by the existence of surface roughness and discontinuities.  Surface 
finishing to repair the surface is also costly.  The underlying causes of poor cast surfaces 
can be separated into two phenomena:  
(1) Mechanical penetration of the molten steel into the molding aggregate, 
(2) Chemical reactions between the liquid metal reoxidation product and the mold 
wall interface. 
Since ceramic shells have a much stronger prime coat, mechanical penetration is 
minimal, thus chemical reactions between the liquid metal reoxidation product and shell 
are predominant.   
C.E. Bates et al. [47] investigated the problem of thermal and mechanical stability 
of mold materials for high strength steel castings of the 4330 type, and they found the 
reaction appeared to be the result of reoxidation of the steel and subsequent reactions 
between the oxides (Mn, Si, Fe) formed and the mold materials, in which case silica, iron 
silicate or fayalite was produced.  When reducing atmospheres were used, no interface 
reaction was found.  G.A. Colligan et al. [48] investigated the metal-mold interaction 
between 1018 steel with different manganese content and green sand molds.  They found 
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the manganese additions caused extensive silicate melt formation and the reaction 
became more pronounced with increasing manganese content in green sand molds.   
There are several approaches which can be used to study the metal-mold 
interaction.  C. Beckermann et al. [49, 50] presented a method to predict the degree of 
“burn-in” defect in sand mold.  The method relies on determining, from simulation 
results, the locations where the mold is above a certain critical temperature which is 
generally above the temperature at which the steel is fully solidified.  By measuring the 
time periods during which these locations in the mold are above the critical temperature, 
burn-in and penetration defects can be predicted.  R.G. Gilliland [51] used X-ray 
Diffraction (XRD) to indicate that transformation of the molding sand (silica) definitely 
occurs during the pouring, solidification and cooling of ductile, gray iron and steel 
castings.  C. Mahimkar [37] studied the metal-mold reaction between different ceramic 
shell systems and low carbon alloy steel.  The Scanning Electron Microscope (SEM) was 
used to determine the depth of metal penetration and the composition of the reaction 
product.  Al-Si-Mn-O and Fe-Si-Mn-O were observed as the most common interaction 
products at the interface between the shell mold and steel. 
Some coatings and additives have proven helpful to reduce metal-mold interaction 
in sand mold.  Iron oxide additions are known to reduce veining [52] and pinholing 
defects [53].  Veining is a defect where metal fins are formed on the surface of the 
casting.  Gilson et al. [54] found that the additions of iron oxide can soften the mold walls 
at the elevated temperatures, making the wall more flexible, thus reduce the veining.  
Carter et al. [53] suggested that iron oxide additions can eliminate the pinholing defects 
which results from the binder decomposition.  A study of chromite showed that it 
contains some iron oxide which tends to reduce in the mold environment.  This causes it 
to shrink but this endothermic reaction allows steel to develop a solid skin.  So “burn-in” 
defect is prevented by “chilling” the liquid surface while the subsequent gap formation 
occurs sooner [54, 55].  However, these methods are not applicable to the investment 
shell molds at the current stage, as the influences of those coatings or additives on 





1.2 RESEARCH OBJECTIVE 
Casting simulation is frequently used in modern foundries because it is able to 
predict and eliminate defects like shrinkage porosity when test casting of products is time 
consuming and costly.  This is particularly important for high value, high engineering 
content parts.  However, casting simulation results are useful to a foundry only if they 
reflect reality, thus accurate thermal properties of investment casting shells are required. 
1.2.1. Improve Accuracy on Thermal Property Determination.  Currently 
available methods to measure thermal properties of the investment shells include: hot 
wire, differential scanning calorimetry (DSC), and laser flash.  The hot wire method is 
ideally suited to measuring bulk samples (one inch thickness); DSC is generally used for 
powder materials.  To determine the different local thermal properties of the shell (i.e. 
one or two particular layers) in the shell, the laser flash method is preferred.  However, 
because of the porous structure of the ceramic shell molds, there are many problems 
associated with this method: (1) laser might penetrate the shell as large pores exist, (2) 
laser energy absorption on the surface is uneven due to the open pores, (3) accurate 
determination of the true sample thickness is necessary but difficult due to the surface 
roughness.  Consequently an improved laser flash method was developed to meet this 
need by utilizing a three-dimensional optical profiler.   
1.2.2. Thermal Property Database Development.  In the laser flash method, 
properties are measured at a temperature at which the samples are equilibrated, thus the 
energy change associated with the reaction and phase transformation before reaching the 
equilibrium stage is not included.  To produce more realistic shell property database 
during solidification for industrial use in simulations, the combination of inverse method 
and laser flash was used, where the laser flash data was used as a starting point.  
1.2.3. Effect of Prefiring Temperature on Thermal Properties of Silica Based 
Shell.  Investment shells consist of fused silica to an extent.  The amount of 
devitrification and coarsening occurring is strongly dependent on the thermal process 
parameters, e.g. prefiring temperature.  This difference has great direct and indirect 
effects on investment shell properties and casting quality.  However, only restricted 
studies have previously been done to quantify these effects.  Correlation between the 
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thermo-physical properties and the amount of devitrification and coarsening is of 
importance. 
1.2.4. Engineering Thermal Properties by Introducing Porosity.  Thermal 
diffusivity can be controlled by: (i) bulk thermal properties of ceramic materials used to 
build mold and (ii) controlling porosity.  The adverse effect of introducing porosity on 
the mechanical properties of the shell limits the potential application.  However, in this 
study, methods to vary thermal properties without sacrificing mechanical strength were 
developed. 
1.2.5. Zircon Substitution.  Most investment casters utilize zircon-containing 
material in the prime coat due to its high thermal conductivity, low thermal expansion 
coefficient and chemical inertness to most alloys.  However, with the increasing price of 
zircon, replacing zircon use in the investment casting industry will reduce the cost.  A 
good substitute should have the following properties: 
1) Capability of receiving molten steel without eroding; 
2) Free from chemical reaction with the molten or solidifying steel; 
3) Sufficient high temperature strength and low enough coefficient of thermal 
expansion in order to maintain the dimensional accuracy. 
Understanding the metal-mold interactions is worthwhile to evaluate the performance of 





2.  IMPROVED LASER FLASH THERMAL PROPERTY MEASUREMENT 
Steel casting solidification in an investment ceramic shell is affected by thermal 
properties of the shell, including thermal conductivity and specific heat capacity.  In a 
relatively thin-walled casting (5mm-15mm), some super heat and part of the latent heat of 
the liquid metal are accumulated in the shell, thus in this case specific heat capacity plays 
an important role.  The excessive heat from massive casting will transfer through the 
shell in which case thermal conductivity is predominant.  Both of these two factors (heat 
accumulation and heat transfer) are significant in order to achieve representative 
simulations for industrial use to control shrinkage defects and optimize casting quality. 
Because of the wide variety of shell compositions, particle size distribution, and 
processing parameters, the ceramic shell could have from ten to thirty percent porosity, 
which can provide air or steam permeability.  However, the porosity also has a strong 
effect on the mechanical and thermal properties of the shell.    
Some classical methods require that nearly steady state conditions have been 
applied to measure thermal properties of investment casting shell materials.  The hot wire 
method could be steady state or dynamic.  However this method assumes radial isotropy 
of properties of the material surrounding the wire.  The actual shell is built up in layers 
and is therefore orthogonally anisotropic.  This method also leads to errors due to 
end/edge effects.  Another method is Differential Scanning Calorimetry (DSC) which is 
generally used for powdered materials.  To determine the local thermal properties of the 
shell molds (i.e. one or two particular layers), the laser flash method is preferred.  
However, because of the porous structure of the ceramic shell molds, the surface 
roughness imparts some uncertainty to accurate determination of the sample thickness.  
Consequently, an optical three dimensional profiler was used to obtain the surface 
topology and the professional 3D
®
 software was used to determine the effective 
thickness.  This effective thickness is used to calculate the thermal properties of shell 
after thermal equilibration at elevated temperatures.  Thermal properties of investment 





2.1 EXPERIMENTAL PROCEDURE 
2.1.1. Sample Shell Building.  The sample shells used in this study were made 
from MEGASOL
®
 colloidal silica binder, -200 mesh fused silica flour and 30/50 mesh 
fused silica stucco.  The slurry consists of 33 wt% of silica binder and 67 wt% of silica 
flour.  The slurry was being mixed for 24 hours to achieve constancy.  The viscosity of 
the slurry was tested using a Brookfield DV-II+ Pro viscometer equipped with a LV3 
spindle operating at 30rpm.  The dynamic slurry viscosity was maintained at 1100±100cP 
for the prime coat and 800±50cP for the back-up and seal coats.   
All of the test samples were built on foam patterns.  The foam patterns were 
lightly abraded using a 1200-grit sandpaper to remove surface texture differences 
between cut and uncut surfaces.  The patterns were submerged in the slurry for twenty 
seconds.  Then the patterns were removed and excess slurry was allowed to naturally drip 
off for one minute.  During drip removal, patterns were rotated around the vertical axis at 
a speed of 10rpm with the dipped end facing down and oriented at a 45 ° angle from the 
vertical axis.  Stucco was then applied onto the slurry coat in a rainfall sander.  A uniform 
distribution of stucco was achieved by turning the samples at a constant speed until no 
additional stucco would adhere to the wet surface.  The samples were allowed to air dry 
for at least four hours before the next layer was applied.  For each sample, one prime 
coat, five back-up coats and one seal coat were applied.   
After being dried for minimum one additional day in a controlled humidity room, 
the foam pattern was carefully burned out by a propane torch under a hood.  Then the 
shells were put into a cold laboratory chamber furnace and heated up at a rate of 
30ºC/min to the prefiring temperature (850 °C) then held for one hour.  The shells were 
allowed to cool down in the chamber overnight.  Consequently the shells were surface 
ground to about 2mm in thickness and then cut into 12.7mm by 12.7mm square. 
2.1.2. Three-Dimensional Optical Profiler.  A three-dimensional high resolution 
optical profiler was utilized to obtain the specimen surface topography (Figure 2.1).  A 
plane was drawn to average the rough surface on each side of the specimen, such that the 
volume of the specimen peaks above the plane equals to the volume of the specimen 
voids below the plane on each side.  Then the effective thickness Lef was defined as the 




Figure 2.1.  Surface Topography Measured with a High Resolution, Three-Dimensional 




2.1.3. Laser Flash Method.  Samples were tested by laser flash in the manner 
which has been described in section 1.1.1.3.  The effective thickness obtained from the 
three-dimensional optical profiler was used to calculate the effective density and these 
data were used in Eq. 6-8.  Samples were put into the furnace using a 15 °C•min-1 heating 
rate with a ten minute hold time at each test temperature.  Laser flash testing was 
conducted from 200 °C to 1200 °C at intervals of 200 °C.  Three runs of each specimen 
were conducted for ten specimens and the average values were reported in the results.  
2.1.4. Density and Porosity.  The bulk density of specimen was determined 
according to ASTM c 20-00[60].  Total porosity was calculated based on true density 
measured by He-pycnometer.   
 
 
2.2 RESULTS AND DISCUSSION 
2.2.1. Porosity and Microstructures.  Total porosity of this shell was determined 
to be 33±1% by Archimedes’ method and He-pycnometer.  A scanning electron 
microscope (SEM) image of the cross section (Figure 2.2) shows that pore sizes vary 




Figure 2.2.  Microstructure of a Fused Silica Investment Shell Used for this Study; the 
Dark Area is Porosity 
 
 
2.2.2. Laser Flash Results.  At elevated temperature, both thermal conductivity 




Figure 2.3.  Thermal Conductivity and Heat Capacity of a Specimen Obtained by the 





2.2.3. Comparison with Theoretical and Other Literature Values.  Fused 
silica will transform to cristobalite at about 1000 °C [61].  The total enthalpy change 
from fused silica at 20 °C to cristobalite at 1200 °C was calculated as 1344 J·g
-1
 by 
thermodynamic software [62].  From the laser flash experiments (Figure 4), the total 
reaction enthalpy change was estimated at 1327 J·g
-1
, which is similar to the theoretical 
value. 
Published thermal conductivity data of dense fused silica [63] was used to 
estimate the theoretical thermal conductivity of porous ceramic shell with 33% porosity 
using Eq. 2 [15].  Those estimated values were plotted against the laser flash results.  The 
thermal conductivity values measured by the laser flash method fit the theoretical values 
well at the temperature below 600 °C (Figure 2.4); however, at higher temperature, the 





Figure 2.4.  A Comparison of the Thermal Conductivity Obtained from the Laser Flash 
Method Suggested in this Article to Simulated Data (Eq. 2) and Published Experimental 
Data Obtained from the Hot Wire Method [8, 63] 
 
 
The difference in conductivity was attributed to photon conduction, which 
becomes significant in translucent silica at elevated temperatures.  This effect wasn’t 
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considered in the simple porosity model (Eq. 2).  At higher temperatures, the measured 
data from this study matched the data obtained by Sabau [8] using the hot wire method.  
The modified laser flash method described in this section has advantages for 
measurement of thermal properties of the porous shells with limited thickness (a few 
millimeters) because the hot wire method requires a more massive bulk specimen than 




An improved laser flash method was developed to reduce the measurement error 
of porous ceramic shell molds thermal properties.  The surface roughness of the porous 
specimen was taken into account with the help of a three-dimensional optical profiler.  
The surface topology was used to calculate the effective thickness of the sample. Thermal 
properties of a fused silica investment shell were measured using this method from 200 
ºC to 1200 ºC.  The results match well with theoretical prediction and previously 




3.  THERMAL PROPERTY DATABASE DEVELOPMENT 
In a laser flash test, the thermal properties are measured after the sample is 
equilibrated at the elevated temperature of interest.  Therefore, most enthalpy changes 
due to phase transformation before the test are neglected.  Consequently, the “inverse 
method” which characterizes the thermal properties of the bulk shell during the real 
casting process was used.  It is currently thought that the inverse method provides more 
realistic “effective heat capacity” values for modeling the pouring and solidification 
processes.  However, thermal property data measured from laser flash could be used as 
the starting points in the automatic optimization process employed in the inverse method.  
This would greatly reduce the number of simulation iterations needed to approach a well-
fitted case and reduce the potential extrapolation error which could reach non-relevant 
function minima in iteration step estimates.   
 
 
3.1 EXPERIMENTAL PROCEDURE 
3.1.1. Pattern and Shell.  A 76.2mm x 76.2mm x 25.4mm EPS foam pattern 
attached to a pouring cup was used in this study.  Patterns were sent to several industrial 
foundries for shelling.  Pattern removal, prefiring, and properties determination were 
done at MS&T.  Shells were prefired according to requirements from each individual 
foundry.  Seven different industrial shells were built using the aqueous colloidal silica 
binder with different mineral fillers as listed in Table 3.1. 
3.1.2. Laser Flash Method.  Samples were tested by laser flash in the manner 
which has been described in section 1.1.1.3.  The effective thickness obtained from the 
three-dimensional optical profiler was used to calculate an effective density and these 
data were used in Eq. 6-8.  Samples were heated in the test furnace using a 15 °C•min-1 
rate with a ten minute hold time at each test temperature.  Laser flash testing was 
conducted from 200 °C to 1200 °C at intervals of 200 °C.  Three runs of each specimen 





Table 3.1.  Composition of Industrial Shells used in this Study 
 Prime coat Backup coat Seal coat Pre-firing 
Temperature, 
ºC 
 Slurry Stucco Slurry Stucco Slurry 




Fused Silica Fused Silica Fused Silica 850 
Shell #2 Fused Silica 
+ Zircon 
Zircon Fused Silica Fused Silica Fused silica 982 
Shell #3 Fused silica 850 
Shell #4 Alumina + Silica 850 
Shell #5 Alumina 850 





+ Fused Silica 
Aluminosilicate  
+ Fused Silica 
Aluminosilicate  
+ Fused Silica 
850 
Shell #7 Zircon + Aluminosilicate (Rapid shelling process) 850 
 
 
3.1.3. The Inverse Method.  After prefiring the shells, one S-type thermocouple 
(protected by a two mm diameter quartz sheath) was installed in the center of the mold 
cavity, and another K-type thermocouple was buried one mm below the external shell 
surface, at the same casting height with the S-type thermocouple.  The shells were then 
entirely wrapped with 12.7 mm thick insulation wool (aluminosilicate fiber, Durablanket 
S, 8 pcf), to thermally isolate the shell and limit the influence of the external cooling 
environment.  The shell was then poured with pure nickel (99.5 %Ni) at an initial pouring 
temperature about 1520°C.  A 24-bit data acquisition system was used to collect the 
temperature curves. 
CFD inverse modeling was done using the optimization module of 
MAGMASOFT®.  Initially, a base simulation was completed that would represent the 
actual casting conditions as closely as possible using properties from the laser flash 
method.  The processing information for initial shell and liquid metal temperatures, 
pouring time, and insulating wrap locations were used in the simulation definition (Figure 
3.1).  The nickel dataset was created from the known pure nickel data (Table 3.2) [62].  
An insulating wool dataset was obtained from thermo-physical data available in the 





K and the value used between the shells and insulating wool was 
1000 W/m
2
K.  These values of heat transfer coefficients assumed that there were no 
significant additional boundary thermal resistances [65].  For example, any air gap 
between the ceramic shell and the casting would not have a significant effect due to the 
predominance of radiant heat transfer and the large difference in thermal diffusivity 









Table 3.2.  Properties of Pure Nickel used in the Inverse Modeling 
Cp,  J/gK Latent  
heat, J/g 
Ts, °C Density, g/cm
3
 K, W/mK 





C+0.427 0.734 279.9 1455 7.9 7.8 80 60 
 
 
The goal for the inverse method was to achieve computationally simulated curves 
which were well-fitted to the experimentally measured curves of temperatures and time.  
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This fitting would be achieved through the definition of objectives and design variables.  
The initial simulation setup described was the baseline for the initial curve to be 
compared with the temperature curves obtained from the experimental castings.  The 
curve mismatch was defined in the optimization using two parameters: (i) Riemann error 
and (ii) specified gradient error [66].  The Riemann error term utilizes the absolute area 
between the two curves, which defines how far the two curves are apart over the entire 
duration.  The specified gradient error term compares the slope of the curves by 
comparing the difference of the vector angle representation of the slope of segments 
between base points on both the simulated and measured curves, which will describe how 
well the shapes of the curves match.  The objectives were to minimize the values for both 
parameters.  Figure 3.2 shows an example of the good match between calculated and 




Figure 3.2.  Inverse Calculated Thermal Curves after Optimization Compared to 
Experimentally Obtained Results 
 
 
The specific heat capacity and thermal conductivity of the shell and insulating 
material as well as external heat transfer coefficient are the main parameters that 
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influence the temperature curves of the casting and the shell.  Preliminary modeling 
shows that solidification time and the coordinates of the point where the shell reaches the 
highest temperature are mainly influenced by the specific heat capacity and thermal 
conductivity of the shell.  For higher Cp of the shell, more energy is needed to heat the 
shell up to a certain temperature thus the solidification time is shorter.  Higher K values 
of the shell allow the heat of the liquid metal to flow through the shell more quickly, 
which also shortens the solidification time and increases the maximum temperature of the 
shell.  Sensitivity testing by modeling also shows that the external heat transfer 
coefficient mainly affects the shell and casting cooling rates after solidification is 
completed.  The thermal property data sets giving the best match between those curves 
will be presented below and the differences between the data from the inverse method 
and that from the laser flash method will be discussed. 
3.1.4. Density and Porosity.  To evaluate the shell density and porosity, the 
entire piece of the shell containing all layers was examined.  Archimedes method [60] 
was used to measure the overall bulk density and open porosity accessible for water.  In 
addition, a shell specimen was crushed to -100 mesh and He-pycnometer was used to 
obtain the true density.  Because helium gas has little restriction of penetration into small 
pores, much of the effect of “closed” porosity was eliminated.  Then the total porosity 




3.2.1. Density and Porosity.  Table 3.3 shows the densities and porosities of the 
seven industrial shells after prefiring at 850
o
C for one hour.  The silica-based shells (#1, 
#3) are less dense compared with the aluminosilicate-based shells (#4, #6).  The alumina-
based shells (#5) have the highest density among these industrial shells.  Total porosity 
mostly depends on the shell-building process (stucco sizes, slurry viscosity etc.).  
However, it was observed that shell #7, made by a proprietary two-slurry rapid shelling 
process, is almost 40% porous.  
  
23 




















Shell #1 1.64±0.03 2.41±0.06 21.7±0.6 10.0±2.5 31.7±1.9 
Shell #2 1.53±0.03 - 25.7±0.8 - - 
Shell #3 1.63±0.02 2.42±0.05 23.0±1.1 9.9±2.6 32.9±1.5 
Shell #4 1.93±0.04 2.90±0.08 23.8±1.2 9.7±2.7 33.5±1.5 
Shell #5 2.24±0.06 3.30±0.10 21.0±0.4 11.1±3.1 32.1±2.7 
Shell #6 1.98±0.03 3.18±0.09 26.1±1.6 11.6±3.8 37.7±2.2 
Shell #7 1.96±0.04 3.26±0.11 26.7±1.5 13.1±4.4 39.9±2.9 
 
 
3.2.2. Thermal Properties from the Laser Flash Method.  The thermal 
conductivity and specific heat capacity values measured from laser flash for the shells 
studied are listed in Figure 3.3.  Shell #7 (rapid shelling technique) was highly porous 
and broke apart when being surface ground during the sample preparation.  Effective 
density calculated from sample surface topography was used to process the data for these 
values.  It was found that the laser flash method showed a similar trend to the subsequent 
inverse method on both thermal conductivity and heat capacity values, thus making laser 
flash results a good starting point. 
3.2.3. Thermal Properties from the Inverse Method.  Figure 3.4 shows the 
specific heat capacity and thermal conductivity data estimated by the inverse method.  
Temperature dependent specific heat capacities in all shells have a similar trend but the 
average and maximum values mainly depend on the phase of starting materials and the 
reactions and transformations during the thermal processing, which are not readily 
predictable. 
Generally, at temperatures above room temperature, the thermal conductivity of 
most dense ceramics decreases with increasing temperature because phonon scattering is 
more intense from the vibrating lattice at higher temperature.  However, in the case of the 
investment casting shells, the colloidal silica is used as binder in most cases and a 
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significant amount of fused silica is utilized as flour and stucco.  Thus, often the 
investment shells show an increasing thermal conductivity at higher temperatures.  This 
is because the photon radiation transport becomes predominant at higher temperatures in 







Figure 3.3.  Specific Heat Capacity (a) and Thermal Conductivity (b) Values of the Shell 
Mold Determined by the Improved Laser Flash Method 
 
 
Another good example is the weak temperature dependence of conductivity in the 
alumina based shell (#5).  Since the photon transport in alumina is not significant until 
1000
o
C, and this radiant transport compensates phonon scattering in alumina and the 
effect of porosity, the thermal conductivity does not change much over the elevated 







Porosity also has a significant influence on the thermal conductivity.  Comparing 
the two aluminosilicate shells (#4 and #6), #6 which has higher total porosity (37.6%) 
exhibits lower thermal conductivity values throughout the measured temperature range 





      
(b) 
Figure 3.4.  Specific Heat Capacity (a) and Thermal Conductivity (b) Values of Studied 








3.3.1. Comparison of Thermal Properties from the Inverse Method and 
Laser Flash Method.  When comparing thermal property data from inverse method and 
laser flash method, as shown in Figure 3.5, it is observed that the thermal conductivity 
values are fairly close between those two methods.  However, the inverse method 
presents higher specific heat capacity values than the laser flash method.  Many thermal 
reactions among the shell components take place at high temperature, as well as the phase 
transformations within the amorphous silica.  The extent and rate of these reactions, i.e. 
sintering and devitrification, will significantly influence the effective Cp values used in 
modeling.  In the inverse method, the shell is heated rapidly when liquid metal is poured 
and shell is cooled down at a relatively slower cooling rate as the metal solidifies.  The 
inverse method represents a more instantaneous measurement of a property which 
includes latent heat effects from phase changes and the heat capacity differences between 
amorphous and crystalline phases under conditions of different amorphous/crystalline 
ratio.  However, in the laser flash a small mass specimen is equilibrated at an 
environmental test temperature before the measurements. Consequently, the 
transformation occurring in the inverse method may have already taken place during 
heating and holding prior to the measurement. 
3.3.2. Comparison of Experimental Heat Capacity with Theoretical Values.  
Similarly, when comparing the total enthalpy change values (Table 3.4) from room 
temperature (20°C) to 1420°C, based on theoretically calculation [62], to the inverse 
method and the laser flash method results, the laser flash method shows similar total 
reaction enthalpy values to the theoretically calculated values. This may be because the 
thin specimen used in the laser flash method was in a partially thermally stabilized 
condition which is closer to equilibrium condition.  Nevertheless the shell in the real 
process is hardly in the thermodynamic equilibrium condition, the enthalpy change 
associating with phase transformation continuously affect the cast solidification.  The 
inverse method counts for all of these enthalpy changes due to phase transformation, thus 
higher total reaction enthalpy change values are observed.  Consequently, the inverse 
method provided more realistic “effective heat capacity” values for modeling the pouring 




(a)      (b) 
 
(c)     (d) 
Figure 3.5.  Comparison of Cp and K Values Determined by the Inverse Method and 





Table 3.4. Total Reaction Enthalpy Change from 20°C to 1420°C (J/G) 
Thermal cycle from initial 






































3.3.3. Comparison of Experimental Thermal Conductivity with Theoretical 
Values.  The theoretical thermal conductivity of pure silica [67] with 33% porosity based 
on Eq. 2 was plotted in Figure 3.6.  The thermal conductivity values of two silica shells 
(shell #1 and shell #3) by the inverse method were also plotted in the same figure.  Those 
industrial shells had similar inverse method and theoretical values of thermal 
conductivity at lower temperatures (<400°C) but demonstrated higher thermal 
conductivity values at higher temperatures.  This could be the result of different particle 
and porosity size distributions.  Smaller particle size with higher grain boundary area to 
volume ratio will lower the photon thermal conductivity.  Moreover, this theoretical 
model just considers the pore volume as a non-conductive phase, so there is no photon 




Figure 3.6.  Comparison of Thermal Conductivity between the Theoretical Values and 
Inverse Method Results 
 
 
3.3.4. Utilizing Laser Flash Results as the Starting Point.  Thermal property 
data measured from the laser flash method can be used as the starting points in the 
automatic optimization process employed in the inverse method.  This would greatly 
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reduce the number of simulation cases needed to approach a well-fitted case and reduce 
the potential extrapolation error which could reach non-relevant function minima in 
iteration step estimates. 
3.3.5. Recommendations on Utilizing the Data.  Properties of shells from 
industrial practices can be measured.  Industrial sites developing their own investment 
casting shells can utilize the thermal property data of shells with the closest composition 
and prefiring temperature from tested shells in their simulations.  It is necessary to 
measure the bulk density and porosity of their shells, since bulk density is used in most of 
simulations and porosity can be used to adjust the value of thermal conductivity.  
Prefiring temperature has been observed to have some influence on the thermal 





An improved laser flash method was introduced to reduce the measurement 
discrepancy due to the open porosity of the sample by determining the effective thickness 
of the sample with the help of a three dimensional optical profiler.  This improved laser 
flash method was subsequently used to measure the thermal properties of several 
industrial shell molds.  The results of the laser flash measurements were used as a starting 
point for the inverse method.  A realistic thermal property database of investment casting 
shell materials has been generated by the inverse method within the temperature range 
from 200°C to 1200°C.  The inverse method includes the enthalpy change associated 
with the phase transitions and reactions during the entire process thus it is ideal to 
provide effective thermal properties databases for simulations. 
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4. INFLUENCE OF THERMAL HISTORY ON PHASE TRANSFORMATIONS 
AND PROPERTIES OF SILICA-BASED INVESTMENT SHELL MOLDS 
Ceramic shells are typically built up with metastable amorphous silica binder and 
may include fused silica (amorphous) flour as filler or a crushed fused silica grain as 
stucco.  These are all metastable amorphous (non-crystalline) phase materials which can 
crystallize (devitrify) at elevated temperature and the rates depend on temperature, time 
at temperature, and the presence of mineralizers.  This introduces a transient behavior 
which makes it difficult to measure properties by typical steady state methods and makes 
estimating the properties from handbook data by rule of mixtures less representative to 
the production process.  The degree to which these amorphous phase materials devitrify 
during the process will affect the thermal properties which control the solidification.  In 
this section, influences of thermal process parameters on the thermal and mechanical 
properties of silica-based shell molds were investigated.  The thermal properties were 
also correlated to the degree of phase transformations, which can occur during sequential 
heating/cooling cycles in investment casting processing.   
 
 
4.1 EXPERIMENTAL PROCEDURE 
4.1.1. Shell Building.  The multi layered silica shells used in this study were built 
on EPS patterns at Missouri University of Science and Technology (MS&T) applying 
industrial materials [6] in the same manner as described in section 2.1.1.  The 
components of each layer of the shell can be found in Table 4.1.  To achieve desired shell 
quality, slurry viscosity was controlled before pattern dipping.  
The shells were allowed to dry in a controlled humidity room for two days then 
prefired at three different temperatures (600°C, 850°C, 1000°C) for one hour.  Additional 
reheating/cooling cycles were also applied according to parameters described in the 
following texts to simulate the complete investment casting processing.  
4.1.2. High Temperature X-ray Diffraction.  The X-ray diffraction (XRD) was 
performed using a Philips X-Pert Multi-purpose Diffractometer.  The shells were finely 
powdered to minus 100 mesh and loaded on a platinum strip (Pt diffraction peaks were 
shown in Figure 4.1).  The samples were heated in the chamber at a 15°C/min heating 
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rate from 200°C to 1200°C with an interval of 200°C and then cooled to 25°C with a 
30°C/min cooling rate (Figure 4.2a).  After holding for 10 minutes at each elevated 
temperature, data were collected in a step 2Θ-scan mode from 10° to 70° with a total 
counting time of five minutes, using an incident wavelength of 1.54 .  A scan was also 
performed at room temperature before and after the thermal cycle. 
 
 
Table 4.1.  Composition of the Silica Based Investment Shells 
Coat 





Colloidal silica (1-100 nm) + fused 
silica flour (2-20 µm) (1:2 by 
weight) 
Viscosity 1100cP±100cP 




Colloidal silica (1-100 nm) + fused 







Colloidal silica (1-100 nm) + fused 






4.1.3. Differential Thermal Analysis.  DTA was performed using Netzsch 
simultaneous TGA/DTA STA 409 C/CD.  Before testing, the samples were dried at 
110°C for 1 hour.  High purity Al2O3 powder was used as the reference material.  
Experiments were performed under air atmosphere at a flow rate of 50 mL/min.  Samples 
were heated from room temperature to 1200°C at a heating rate of 15°C/min and then 




Figure 4.1.  X-Ray Diffraction Pattern of a Reference Platinum Strip at Room 
Temperature Showing Some Spurious Indications at 2θ of 28̊, 31̊ and 34̊ which were 






(a)       (b) 
Figure 4.2.  The Temperature Regime Used for High Temperature Tests: (a) X-Ray 
Diffraction Tests and Laser Flash Method, Heating Rate was 15 ̊C/min and Cooling Rate 
was 30 ̊C/min, Specimen was Held for 10 min at Each Elevated Temperature;  (b) DTA, 




4.1.4. Specific Surface Area.  Brunauer–Emmett–Teller (BET) method was used 
to determine the specific surface area of the shell samples on a NOVA 2000e surface area 
and pore size analyzer.  Colloidal silica binder was dehydrated and finely ground.  
Samples were well blended and dehydrated at 120°C for 2 hours before the test.  
Measurements were taken at the temperature of liquid nitrogen. 
4.1.5. Thermal Conductivity and Heat Capacity by Improved Laser Flash 
Method.  The improved laser flash test was performed from 200°C to 1200°C at an 
interval of 200°C during both heating and cooling. Three measurements were taken for 
each specimen. 
4.1.6. Three-Point Flexural Test.  Moduli of Rupture (MoR) of the shells were 
measured using a three point bend test apparatus [68] at room temperature after the shells 




4.2.1. Densities and Porosities.  Table 4.2 shows the effect of prefiring regime on 
density and porosity.  Measurements were made at room temperature after prefiring.  
These results indicate that prefiring decreases closed and total porosity.  It is found that a 
higher prefiring temperature results lower closed and total porosity values due to a higher 
degree of sintering.  At the same time, it was found that the shell prefired at 1000°C had a 
noticeably lower true density than the green shell, which also indicated some extent of 
possible phase transformation, for example, amorphous silica devitrification during 
prefiring. 
4.2.2. Effect of Process Thermal History on Shell Thermal Properties.  The 
heat capacity (Cp) and thermal conductivity (K) of the shells subjected to different 
prefiring process sequences were measured by the improved laser flash method.  The 
results upon heating and cooling are plotted in Figure 4.3.  In all of the shells, both Cp 
and K values increase with increasing measurement temperature.  The shells prefired at 
1000°C and 600°C have similar K values during the heating and cooling cycles but the 
shell prefired at 850°C has the lowest K values.  These discrepancies in Cp and K values 
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1.77±0.04 2.64±0.03 16.2±0.2 16.6±2.1 32.8±1.9 
600 1.73±0.03 2.55±0.02 18.4±0.1 13.8±1.5 32.1±1.4 
850 1.83±0.02 2.60±0.01 17.1±0.1 12.4±0.9 29.5±0.8 
1000 1.76±0.02 2.42±0.01 16.8±0.1 10.7±0.8 27.5±0.7 
 
 
4.2.3. Effect of Process Thermal History on Shell Mechanical Properties.  
Three-point bend test results (Figure 4.4) show that a prefiring temperature of 600°C 
doesn’t provide a significant sintering but the Modulus of Rupture (MoR) of the shell 
increases at relatively higher prefiring temperatures (850°C and 1000°C) due to an 
extended amount of sintering.  However, an even higher prefiring temperature of 1200°C 
will significantly decrease the MoR.  This can be the result of the devitrification where 







(a)                                                                     (b) 
Figure 4.3.  Heat Capacity (a) and Thermal Conductivity (b) of Prefired Shells Measured 







Figure 4.4.  Modulus of Rupture (MoR) of Silica Shell Molds Prefired at Different 
Temperature; Tests were Performed at Room Temperature 
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4.2.4. Silica Binder Devitrification Temperature.  To identify the components 
of the shell which are dominant with respect to the phase transformation behavior, high 
temperature XRD tests were performed individually on all of the components used for 
investment shells, including silica binder, fused silica flour, and fused silica stucco.  
Devitrification was only found in the silica binder at above 1000°C, while the other 
components remained amorphous up to 1200°C (Figure 4.5a).  This is because silica 
binder has a much smaller particle size (1-100 nm) than the other components (2 µm – 
0.6 mm).  Thus silica binder has a higher surface area to volume ratio which could 
provide an activation energy component as well as an easy transport path for reaction.  
The DTA results (Figure 4.5b) also indicate that the silica binder starts devitrification at 
around 1000°C.  These data are supported by a study [69] which also found that 







Figure 4.5.  XRD at 1200°C Shows the Presence of Cristobalite (a) and DTA Tests 




4.2.5. Phase Transformation during Prefiring and Reheating.  According to a 
typical investment casting process sequence, the shells are prefired then subjected to a 
second short re-heating, just before pouring.  This is to allow liquid metal to fill the 
narrow cavities of the hot mold.  Phases that are present after the prefiring/reheating 
cycles were studied by X-ray diffraction (XRD).  XRD tests were performed at room 
temperature on the shells prefired at different temperatures (Figure 4.6).  Subsequently 
the shells were heated up to 1200°C using the temperature regime described in Figure 
4.2b, and XRD tests were performed from 200°C to 1200°C at an interval of 200°C.   
 
 
   
(a)                                                              (b) 
  
   (c)                                                     (d) 
Figure 4.6.  Room Temperature XRD Patterns of Ceramic Shell Prefired at Different 
Temperatures (a) – Green, Not Prefired, (b) 600°C, (c) 850°C, and (d) 1000°C 
 
 
After the shells are prefired, it is found that the shell prefired at 1000°C has a 
crystalline peak formation, while other shells (green and prefired at lower temperatures) 
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have just amorphous phase.  In the case of a multi-component shell, at a prefiring 
temperature of 1000°C, phase transformation in silica binder starts and may nucleate at 
the boundary with silica flour, however the silica stucco is inert.  The broad crystalline 
peak in Figure 4.6(d) indicates that most of the crystallites have a very small grain size. 
When the prefired shells are reheated to 1200°C, as shown in Figure 4.7, the green 
and shell prefired at 600°C have a noticeable amount of cristobalite formation, while the 
shell prefired at 850°C and reheated to the same temperature doesn’t have much of phase 
transformation.  In the shell prefired at 1000°C, the cristobalite formed during the 





(a)                                  (b) 
 
(c)                                             (d) 
Figure 4.7.  XRD Patterns of Shells Which had been Reheated to 1200°C after Different 
Thermal Processing: Green Condition (a), Preliminary Prefiring at 600°C (b), 850°C (c), 




4.2.6. Specific Surface Area Change during Prefiring and Reheating.  During 
prefiring and reheating, sintering as well as devitrification could occur simultaneously in 
the shell.  The amount of sintering can be represented by the direct measurements of the 
specific surface area.   
The specific surface area was measured after the silica binder was prefired at 
different temperatures.  Measurements were repeated after the prefired binder were 
reheated to 1200°C and held for one hour. 
After the prefiring cycle, the binder prefired at 600°C does not exhibit significant 
decrease in the specific surface area, which indicates that a minimum amount of 
coarsening takes place at this temperature.  When the binder was prefired at 850°C, a 
small reduction (20%) in specific surface area is observed and this could be the result of 
vitreous sintering without devitrification.  A dramatic decrease in specific surface area 
(from 53 m
2
/g to 0.1 m
2
/g, as shown in Figure 4.8) after prefiring the binder at 1000°C 
shows a significant extent of sintering. 
When the prefired silica binder is reheated to 1200°C, BET shows that the surface 
areas of all of the binders are reduced to the similar level, indicating that prefiring 
temperature doesn’t have a big effect on the sintering behavior when the binders are 




4.3.1. Effect of Prefiring Regime on Specific Surface Area and Phase 
Transformation.  During the prefiring process, the binder sinters and loses surface 
energy by reducing surface area.  The specific surface area affects the activity of the 
binder toward devitrification.  This is because not only the surface energy is important as 
a source of energy to activate the transformation, but a high surface area can provide 
kinetically favorable reaction paths for the devitrification transformation.   
DTA results (Figure 4.5b) show that silica binder is the only constituent that 
devitrifies at 1000°C.  Thus when prefiring the shell at 1000°C, it is just enough to start 
the devitrification kinetically, but at a rather slow rate, so only small crystalline sizes of 
cristobalite is suggested from the XRD tests (Figure 4.6d).  The coarsening was still 
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predominant at this prefiring temperature thus a dramatic specific surface area loss is 
noticed (Figure 4.8).  FactSage 6.4 was used to calculate the Gibbs free energy change of 
one mole of silica from amorphous to cristobalite (h) at 1200°C as -2500J.  Taking the 
surface energy of amorphous silica as 0.26 J/m
2
 [70], the surface energy stored in 1 mole 
amorphous silica binder decreases by almost 1000J when surface area is reduced from 
53m
2
/g (green state) to 0.1 m
2
/g (prefired at 1000°C).   This suggests that surface energy 
could provide a significant component of the activation energy for the devitrification 
reactions.  Additionally, this surface area lost will impede the reaction rate for the phase 
transformation since a higher surface area provides a more preferable reaction path.  
Consequently when reheating the shells to 1200°C after prefiring, less amorphous silica 
devitrifies accordingly during the same time.  However the cristobalite previously formed 
during prefiring could grow to a larger grain size due to grain growth, which is consistent 




Figure 4.8.  Specific Surface Area of the Silica Binder after Prefiring at Different 
Temperatures; Measurements were Repeated after the Prefired Binder samples were 




Similarly, when prefiring the shell at 850°C, the specific surface area decreases by 
more than 20% (Figure 4.8) due to sintering, and less devitrification takes place when the 
shell is reheated to 1200°C for the same time.  The shell prefired at 600°C doesn’t have 
any significant sintering thus retains similar specific surface area to the green state shell.  
When reheating shell prefired at 600°C and the unfired shell, sharp cristobalite peaks are 
obtained on the diffraction patterns within the one hour time period. 
 In summary, a higher prefiring temperature, in the temperature range below the 
amorphous silica devitrification temperature, decreases the reactivity of the binder toward 
devitrification or the rate of devitrification. 
4.3.2. Effect of Prefiring Temperature on Thermal Properties.  The atomic-
scale disorder present in the amorphous silica causes its thermal conductivity to be lower 
than the conductivity of the cristobalite, because the structural disorder impedes the 
motion of the mobile photon thus lowering the thermal conductivity.  When correlating 
the XRD results with the thermal properties measured by the laser flash method, it was 
noticed that the shell prefired at 600°C has the greatest amount of cristobalite formation, 
subsequently the highest thermal conductivity.  The shell which has been prefired at 
850°C exhibits a very limited amount of cristobalite formation and shows a lower thermal 
conductivity than the shell prefired at 600°C.  The shell prefired at 1000°C not only has 
some amount of devitrification during the prefiring process, but when being reheated to 
1200°C, the already formed cristobalite grows to larger grain sizes.  This reduces the 
amount of grain boundary that impedes the photon movement, thus higher thermal 
conductivity values are obtained. 
In the case of specific heat capacity, the shell prefired at 850°C doesn’t devitrify 




C, thus the heat capacity values 





C, similar to the behavior of amorphous silica.  However, the shell prefired at 600°C 
devitrifies at above 1000 °C during the laser flash measurements. The transformation 
from amorphous silica to cristobalite is an exothermic reaction.  The heat generated in 
this transformation is 9500 J/mol or 158 J/g.  In other words, assuming the heat capacity 
of silica at 1 J/gK, this energy is enough to increase the temperature of one gram silica by 
over 150°C.  This will cause an overestimate of the temperature rise in Equation 7, thus a 
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decreased heat capacity value is calculated at 1200°C.  This exothermic phase 
transformation effect correlates to the laser flash measurements (Figure 4.3a) very well. 
4.3.3. Effect of Prefiring Temperature on Mechanical Properties.  A relatively 
higher prefiring temperature within the range studied (850°C and 1000°C) allows more 
significant sintering thus increases the MoR of the shell.  However, as shown in Figure 
4.4, an even higher prefiring temperature of 1200°C significantly decreases the MoR of 
the shell.  This is because a high prefiring temperature causes a significant amount of 
devitrification thus forms more cristobalite.  During cooling, the volume change of 
cristobalite, as it passes through the low-temperature inversion range, is reported to be 
7% [71].  These volume changes could result much more micro-cracking, weakening the 
structure (Figure 4.9).   
 
 
   
                          (a)                                            (b)                                   (c) 
   
                                                     (d)                     (e) 
Figure 4.9.  Microstructure of Silica Shells Showing that a High Prefiring Temperature of 
1200°C Causes More Micro-Cracking due to Devitrification; Shells were Prefired at 





Moreover, a higher prefiring temperature results in more coarsening, thus larger 
grain sizes are expected in the bond phase of a shell prefired at 1200°C.  Spontaneous 
cracking occurs predominately in large-grained samples because the reduction in the 
internal strain energy is proportional to the cube of the particle size whereas the increased 
surface energy caused by the fracture is proportional to the square of the particle size 
[72].  These energy differentials or differences mean that large-grain samples above a 
critical size are weak and in general have poor physical properties because of the 
substantial grain/matrix interface stresses.  Consequently grain coarsening in the bond 




The effect of prefiring temperature on devitrification behavior of silica based shell 
molds and correlated effects on thermal properties and mechanical properties from 200°C 
to 1200°C have been studied.  
Colloidal silica binder was found to be the most active component with respect to 
devitrification during the prefiring process.  Devitrification temperature for this particular 
colloidal silica binder was found to be 1020°C at the heating rate of 15°C/min.  For 
prefiring temperatures below 1000°C, a higher firing temperature reduces the reactivity 
of the silica binder toward devitrification thus resulting in less cristobalite formation upon 
reheating (such as during the preheating process before pouring).  The degree of 
devitrification affects the thermal conductivity of the shell molds.  The excess heat 
generated from devitrification during the laser flash tests causes an underestimate of the 
heat capacity at 1200°C. 
Moreover, at below 1000°C, increasing the prefiring temperature provides up to 
40% more strength to the shell, whereas an even higher firing temperature (for example, 







5. LOW THERMAL DIFFUSIVITY INVESTMENT SHELL MOLDS USING 
CENOSPHERES 
In investment casting industrial applications, riser efficiency could be improved 
by designing a shell mold with local areas of different properties, for example, thermal 
diffusivity.  Thermal diffusivity can be controlled by: (i) bulk thermal properties of 
ceramic materials used to build mold and (ii) by controlling porosity.  In industrial 
practices, introducing porosity in the molds is an effective way to lower the thermal 
diffusivity.  As an example, it can be estimated that introducing 40% porosity will 
decrease thermal conductivity of ceramic shell molds by 40 %.  However, such an 
increase in porosity will lower the strength of the shell molds by over 60%.  The adverse 
effect of porosity on strength of the multilayer ceramic shell mold limits the opportunity 
for engineering thermal properties by introducing porosity.  In this section, hollow 
cenosphere particles are used as the stucco in back-up coats of multilayer shell molds to 
introduce closed porosity that is not accessible to crack propagation.  Thermal and 
mechanical properties of this type of shell mold will be evaluated from 200°C to 1200°C. 
 
 
5.1 EXPERIMENTAL MATERIALS 
5.1.1. Material Selection.  The ceramic slurry used to produce the test samples 
constitutes -200 mesh fused silica flour suspended in colloidal silica binder.  The silica 
stuccos applied to the test samples following each dip coating are 149-300μm (0.006-
0.011in) in the prime coat and 300-600μm (0.006-0.023in) in the back-up coats.  The 
chemical and physical properties of cenosphere particles are provided by the manufacture 
(Table 5.1 &5.2).  The size distribution of cenosphere particles is measured and plotted in 
Figure 5.1.   
 
 
Table 5.1.  Chemical Composition of Cenosphere Material as Provided by the Supplier 
SiO2 Al2O3 Fe2O3 CaO MgO K2O 




Table 5.2.  Physical Properties of Cenospheres 
Bulk density, g/cm3 0.42 
Sintering Temperature, °C (F) 1300-1350 (2372-2462) 
Melting Temperature, °C (F) 1400-1425 (2552-2597) 






(a)                                                          (b) 




5.1.2. Sample Shell Matrix.  For this experiment, the back-up layers were built 
by replacing fused silica stucco layers with cenospheres stucco layers (Table 5.3).  The 
extremes, represented by shells identified as “ceno” and “silica” were stuccoed 
individually by cenosphere or fused silica in all of their back-up coats.  All shells were 






Table 5.3.  Shell Components Used in this Study 





























Cenosphere Fused silica Fused silica Fused silica Fused silica Fused silica 
Cenosphere Cenosphere Fused silica Fused silica Fused silica Fused silica 
Cenosphere Cenosphere Cenosphere Fused silica Fused silica Fused silica 
Cenosphere Cenosphere Cenosphere Cenosphere Fused silica Fused silica 




5.2 PROPERTY TEST METHODS 
5.2.1. Bulk Density and Total Porosity.  The bulk density of specimens was 
determined in the prefired condition according to ASTM c-20-00 [60].  Total porosity 
was calculated based on true density of a silica-stuccoed shell mold by He-pycnometer. 
5.2.2. Modulus of Rupture Testing.  Flexural testing was performed using a 3-
point bend fixture shown in Fig 5.2.  Both the lower support radii and the upper loading 
radius were 6.35mm (0.25in).  The separation between the lower supports was 80mm 
(3.15in).  Samples were loaded in compression at a rate of 2mm (0.08in) displacement 
per minute. 
5.2.3. Thermal Property Determination by the Inverse Method.  The thermal 
properties were determined by the inverse method following the same steps as previous 
discussed in section 3.1.3.  Briefly, the inverse method starts with obtaining experimental 
thermal curves from the solidified casting and the shell.  Inverse optimization of the 
thermal properties was performed until simulated and experimental curves are identical.  
To obtain the unknown thermal properties of the shell, the alloy with well documented 
thermal properties (pure Ni) was used in these experiments.  After prefiring the shells, 
one S-type thermocouple was installed in the center of the mold cavity, and another 
thermocouple (K-type) was buried 1 mm below the external shell surface, at the same 
casting height as the S-type thermocouple.  The shell mold was then poured with pure 
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nickel (99.5 % Ni) at an initial pouring temperature about 1520°C (2768F).  CFD inverse 
modeling was done using the optimization module of MAGMASOFT
®
.  The goal for the 
inverse method was to determine the effective thermal properties by fitting 








5.3.1. Bulk Density and Total Porosity.  The bulk density and calculated total 
porosity values for experimental samples are given in Table 5.4.  The presence of more 
cenosphere-stuccoed layers decreases the bulk density and increases the total porosity 
significantly by introducing more closed porosity. 
5.3.2. Thermal Properties.  Experimental castings were produced in the shell 
molds (Table 5.3). The castings poured in all of the shell molds, except the shell mold 
“ceno”, produced good surface finish and dimensional replication of the pattern.  Only 
the shell mold “ceno” had inadequate strength and consequently partially collapsed 





Table 5.4.  Bulk Density of the Specimens in Prefired Conditions 
Sample Shell Bulk Density, g/cm
3
 Total Porosity, % 
ceno 1.50±0.01 60.0±2.1 
1s4c 1.65±0.01 45.2±1.8 
2s3c 1.68±0.02 42.4±0.7 
3s2c 1.76±0.03 36.7±1.3 
4s1c 1.80±0.02 33.7±1.1 









Figure 5.3.  Example of Well-Replicated Casting (a) and Bulged Casting (b), the Latter 




Solidification curves collected during experiments are shown in Figure 5.4.  In the 
shell molds consisting of more cenosphere-stuccoed layers, the solidification time of 
nickel is longer which indicates a lower thermal diffusivity of the shell mold.  The shells 
with more cenosphere-stuccoed layers are much thinner and have less mass, so the 




Figure 5.4.  Measured Temperature Curves when Nickel Solidified in the Samples 
 
 
Thermal conductivity and heat capacity were obtained from the inverse method.  
Thermal diffusivity of each sample was calculated using Eq. 8 and was plotted in Figure 
5.5.  Comparing the properties of “silica” and “1s+4c”, the presence of cenosphere-
stuccoed layers decreases the thermal diffusivity values of individual shell molds by up to 
70%. 
5.3.3. Modulus of Rupture.  Moduli of Rupture (MoR) were measured at room 
temperature and were plotted in Figure 5.6 for all samples in the green and prefired 
conditions.  In the prefired condition, up to 2 layers of cenosphere-stucco coats have 
negligible effects on strength of multi-layered ceramic shell.  However, shells with larger 
portion of cenosphere layers or are fully built with cenosphere had significantly less 
strength.  
 It is observed that during experimental trials, the “ceno” shell with only 
cenosphere in the stucco layers has only half of the strength of the “silica” shell and does 
exhibit bulging during casting.  When using cenosphere as stucco layers after at least one 
silica-stuccoed back-up layer, the MoR of the entire shell mold is 20% more than the all 
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cenosphere-stuccoed shell in both green and prefired conditions, and no dimension 











Figure 5.6.  Modulus of Rupture of Samples Consisting Different Back-Up Layers 




5.4.1. Engineered Low Thermal Diffusivity Shell Molds.  Using cenosphere as 
stucco layers in investment shell molds produces shell molds which have low thermal 
diffusivity. This provides a new method to engineer the investment shell molds to achieve 
low thermal diffusivity without sacrificing mechanical strength. 
 The measured thermal and mechanical properties of those samples are 
compared with the projected model (Eqn. 2&4) values for a pure silica shell mold at the 
same density (Figure 5.7).   
 With respect to the thermal conductivity, the use of cenosphere introduces 
more pores mainly as closed porosity inside individual cenosphere particles.  The results 
shows (Figure 5.7a) that the thermal conductivity decreases dramatically with increasing 
porosity and the level decreased does not depend on the type of pores introduced.  The 
thermal conductivity is dependent on the number of cenosphere-stuccoed layers.  The 
thermal conductivity also follows the trend predicted by the model in Eq. 2 for porous 
silica shell molds. 
 Comparison of the mechanical properties measured by the MoR shows that the 
samples with cenosphere-stuccoed layers has strength exceeding the strength predicted by 
the porosity effect model suggested by eq. 4.  One explanation is that the degradation of 
strength with increasing porosity in the model represented by Eq.4 is due to shortened 
distance between pores as the fracture path passes through and connects the pores.  
However, in cenosphere-stuccoed layers, as shown in the fracture surface image (Figure 
5.8), most of the cenospheres are intact, indicating that the fracture propagation path is 
along the interfaces between the cenosphere and the bond phase rather than through the 
cenospheres.  Thus the closed porosity introduced by cenospheres is not accessible for 
cracks to propagate.  These results suggest that ceramic shell molds with different 
number of cenosphere-stucco layers have a more favorable strength/thermal conductivity 





   
(a)                                                  (b) 
Figure 5.7.  Relative Thermal Conductivity (a) and MoR (b) of Shell Molds Substituting 






Figure 5.8.  Scanning Electron Microscope Image of the Fracture Surface of Cenosphere-
Stuccoed Layers Showing Fracture Propagates along the Interface between Cenospheres 
and the Bond Phase, not through the Cenospheres 
 
 
5.4.2. Other Applications.  Several iterations were simulated when the same 
casting was solidified in traditional silica based ceramic mold and mold with several 
cenosphere-stuccoed layers.  Overall larger values of Niyama number and the lower 
volume percentage of casting under the critical Niyama number were achieved in the 
cenosphere-stuccoed shell molds, indicating less micro porosity (Figure 5.9).   
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 A cenosphere-stuccoed shell can be up to 20% lighter than a fused silica 
stuccoed shell, so it could be beneficial in hand dipping for large castings.  Also, as it was 
observed in experiments, that shells built with cenospheres are easily detached from 
castings, which could be beneficial for production of fragile, thin-walled castings, since 
little effort is needed to detach the shell from the casting.  
 Use of cenosphere as molding material is also economically favorable because 
cenospheres are a co-product of coal-fired power plants and need less energy for 
production when compared to traditional fused stucco materials used in foundry practice. 
 
 
            
(a)                                     (b)  
Figure 5.9.  Niyama of Steel Solidification in the Cylindrical Shell Molds Built with 




Hollow cenospheres were used as a porosity development additive in the 
production of investment casting molds.  Cenospheres were applied as the stucco material 
in the back-up coats.  At least one fully silica-stuccoed back-up layer is required before 
the cenosphere-stuccoed layers are applied in order to provide adequate strength.  
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Thermal properties of shell molds containing different number of cenosphere-stuccoed 
layers were determined by the inverse method at the temperature range from 200°C to 
1200°C.  Up to 70% lower thermal diffusivity compared to shell molds fully stuccoed by 
fused-silica was achieved without sacrificing mechanical strength.  Cenosphere-stuccoed 
shells provide a potentially effective method to engineer the shell molds to obtain desired 
thermal properties for directional solidification but still retain the robustness for 
preheating and pouring processes.   
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6. ALTERNATIVE PRIME COAT MATERIALS AND THEIR INTERACTIONS 
WITH STEEL REOXIDATION PRODUCT 
Most investment casters utilize zircon-containing prime coats due to their high 
thermal conductivity, low thermal expansion coefficient and chemical inertness to most 
alloys.  However, with the increasing price of zircon, replacing zircon usage in the 
investment casting industry will reduce the cost.  A good substitute should have the 
following properties: 
1) Capability of receiving molten steel without eroding; 
2) Little or no chemical reaction with the molten or solidifying steel; 
3) Sufficient high temperature strength and low enough coefficient of thermal 
expansion to control the dimensions of the castings to close tolerances. 
In this section, metal-mold interactions will be the prioritized criterion to evaluate 
the feasibility of some candidates.  Other factors which will be considered are slurry 
stability, ease of shell building, and strength of the shell.   
 
 
6.1 FACTSAGE PREDICTION 
Factsage was used to suggest some material candidates and predict the probability 
of the interaction.  A shell/reoxidation product reaction index is used to indicate the 
amount of shell that reacts with the reoxidation product.  It is defined as the ratio between 
the weight changes of the reoxidation product after reacting with the shell and the initial 
weight of the reoxidation product.  A lower value of the index indicates less metal-mold 
reaction.  For stainless steel, a 40 wt% SiO2, 4 wt %FeO, 10 wt % MnO and 46 wt % 
Cr2O3 slag composition was estimated based on the reoxidation product on the liquid 
steel surface after contacting with air [73].  Zircon is most commonly used in prime coats 
and thus is used as a reference material.  Calculation indicated that MgO-Al2O3 spinel and 
MgO have similar amount of reaction of the reoxidation product with zircon while 
mullite and titania would react with a stainless steel reoxidation product a bit more 





Figure 6.1.  Factsage Calculation Predicts the Amount of Reaction between Steel 
Reoxidation Product and Several Ceramic Materials 
 
 
6.2 EXPERIMENTAL PROCEDURE 
6.2.1. Material Selection.  The Composition of the materials used in this study is 
listed as below (Table 6.1). 
 
 
Table 6.1.  Composition of the Materials Used in this Study 
Materials Components 
Mullite 70 wt% Al2O3, 17 wt%SiO2, 4 wt% TiO2, balance Fe2O3 
Titania 99.25 wt% Rutile, balance Al2O3, Fe2O3, SiO2 
MgO-Al2O3 Spinel 76 wt% Al2O3, 24 wt% MgO 
Zircon 65 wt% ZrO2, 33 wt% SiO2, 2 wt% Al2O3, balance TiO2, Fe2O3 




6.2.2. Sample Preparation.  A pattern with a deep pocket (Figure 6.2a) was 
designed using MAGMASOFT such that the internal corner at the shell mold achieves a 
temperature greater than the steel liquidus (Figure 6.3).  Shells were built in the same 
manner as described in section 2.1.1 with the exception that materials of interest were 
used in the prime coat.  After shells were built(Figure 6.2b),  they were then connected 
onto a tree (Figure 6.2c), prefired at 850 ºC, preheated to 900 ºC, and poured with CF8 
stainless steel at 1500 ºC.  The castings were shaken out on the next day on a vibrator for 
two minutes.  The pockets were filled with epoxy, and then microscopy samples were 
prepared from the internal corner of the pocket on each shell.  Table 6.2 shows the 
components of the shell and Table 6.3 shows of composition of the CF8 stainless steel. 
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Table 6.3.  Composition of the CF8 Stainless Steel Poured in this Study 
 C Si Mn Cr Mo Ni Nb 




(a)       (b)           (c) 







Figure 6.3.  Magma Simulation Shows a Temperature Higher than the Steel Liquidus is 






6.3 RESULTS AND DISCUSSION 
6.3.1. Alternative Material Size Distribution.  Scanning electron microscope 
(SEM) was used to obtain the particle sizes and shapes of those materials (Figure 6.4). 
The particle size distributions were measured by a particle size analyzer utilizing laser 




    
   
Figure 6.4.  Particle Size and Shape of the Materials Used in this Study 
 
 




(a)       (b) 
 
(c)       (d) 
 
(e) 
Figure 6.5.  Particle Size Distributions of Materials Used in this Study:  (a) Silica, (b) 
Zircon, (c) Titania, (d) Irregular MgO-Al2O3 Spinel, (e) Spherical MgO-Al2O3 Spinel 
 
 
6.3.2. Shell Detachment.  After two minutes on the vibration table, the amount of 
shell attached with the casting in the pocket was shown in Table 6.4.  Most of the casting 
had a significant amount of shell attached due to the interaction between the metal 
reoxidation product and the shell.  This can be a cost factor in industry practice to detach 





Table 6.4.  Amount of Shell Attached to the Metal in the Pocket and the Corresponding 
Prime Coat Composition 
Flour Zircon TiO2 MgO-Al2O3 
Spinel 
Zircon Fused Silica 






     
 
 
6.3.3. Metal-Mold Interaction.  Scanning electron microscope was used to 
examine the severity of the metal-mold reaction.  Figure 6.6 shows the metal-mold 
interface when using different materials as flour in the prime coats.  Zircon flour prime 
coat has a reaction layer about 400 µm thick and cracks are formed along the interface 
which helps remove of the shell from the casting.  Titania flour prime coat penetrates 
over 1000 μm into the casting and formed a tight interface thus shell removal is difficult.  
Spinel flour prime coat has a remelted microstructure and the liquid wets the steel thus 
forming a tight interface as well.  Silica flour prime coat has both separated and tight 
interface regions. 
Energy dispersive spectroscopy (EDX) was used to determine the compositions of 
the reaction products.  Zircon flour + zircon stucco prime coat has a reaction layer about 
420 µm thick, and the reaction layer contains Mn and Cr from the metal reoxidation 
product (Figure 6.7).  The zircon layer immediately next to the steel (about 20 µm thick) 
is found to decompose into ZrO2 and SiO2 (Figure 6.8), and SiO2 reacts with the 
reoxidation product, forming a Mn-rich phase.  Factsage calculation shows that the 
  
62 
solidus temperature of this phase is about 1400°C, which is a little lower than the typical 
pouring temperature of steel. 
 
 
         
(a)       (b) 
 
                                                                       (c) 
  
                                    (d)           (e) 
Figure 6.6.  Interface between Metal Reoxidation Product and Shell Using Different 





Figure 6.7.  Interaction between Metal Reoxidation Product and Zircon Flour + Zircon 
Stucco Prime Coat, Reaction Layer Contains Mn; Area in Blue Square is Magnified as 










In the case of TiO2 flour prime coat, a reaction layer of 350 μm is observed 
(Figure 6.9a).  A significant amount of TiO2 penetrates into the steel (Figure 6.9b), which 
can cause surface defects and dimension instability.  Thermodynamic calculation shows 
that the solidus temperature of this reaction product is about 400 °C.  This temperature is 
well below the pouring temperature, thus a significant amount of reaction will take place.  




(a)            (b) 
Figure 6.9.  Interaction between TiO2 Flour Prime Coat and Steel Reoxidation Product 
 
 
Mullite used as the stucco is found to react with the oxides and form Mn-
containing phase (Figure 6.10).  It is noticed that mullite used in this study had a 9% 
Fe2O3 content which would significantly lower the solidus temperature of the reaction 
product phase.  
A silica based prime coat is found to react with MnO and absorb Nb from the 
casting.  The depletion of Nb on the casting surface may reduce the mechanical 












Figure 6.11.  SEM Results Showing the Mn-Rich Phase and the Formation of Nb5-Si3 in 




When adding MgO-Al2O3 spinel into the colloidal silica binder, the slurry is very 
unstable.  MgO-Al2O3 Spinel agglomerates and settles down as soon as the mixing stops.  
The initially formulated slurry is very difficult to apply on the smooth pattern, which 
results a very thin and non-uniform prime coat.  SEM results show that there is little 
MgO-Al2O3 attached to the metal.  It is observed that the reaction product has an acicular 
microstructure (Figure 6.12).  It is found that Mg is not present at the internal corner of 
the pocket after the solidification but Mg is detected in the shell outside of the casting 
which is a lot colder than the shell in the pocket during the metal solidification (Figure 
6.13).  This is probably because MgO and SiO2 forms a liquid reaction product and goes 
into the metal as dross.  Thermodynamic calculation shows the liquid starts forming in 




(a)        (b) 




6.3.4. Slurry Stability.  As observed when preparing the MgO-Al2O3 spinel 
slurry, it is also very important that the slurry has a good stability for ease of the shelling 
process.  All ceramic particles in silica binder will carry a certain amount of surface 
charge.  If flour and binder carry the different types of charges, i.e. positive and negative, 
they will attract each other and agglomerate very quickly.  The pH value of each type of 
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slurry was measured 72 hours after made to determine the type of charge that each 










Table 6.5.  Isoelectric Points of Ceramics Used in this Study [74-76] 
Flour IEP pH of slurry after 
72 hours 
Silica 1.7 – 3.5 8.8 
Zircon 5.7 9.2 
MgO-Al2O3 10.2 9.1 
Titania 5.8 8.7 
 
 
According to the isoelectric point of the flour, at the typical slurry pH range of 
pH8.7-9.2, all ceramics except MgO-Al2O3 spinel carry a negative charge and they 
repulse the SiO2 binder and thus the slurry has good stability.  However, within this pH 
range, MgO-Al2O3 spinel carries a positive charge that attracts silica, which makes the 
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slurry very unstable.  To counter this problem, Darvan C-N (ammonium salt of 
polymethacrylic acid) is helpful by coating the spinel particles before mixing with 
colloidal silica binder.  Preliminary results show that shell built from this modified slurry 
has a better consistency.  This can be verified in future work.  If it is found promising, 
thermal properties and mechanical properties of prime coat made of this material will be 
determined using the methods introduced in previous sections. 
 
 
6.4 SUMMARY AND FUTURE WORK 
Several prime coat materials were tested based on FactSage prediction.  The 
interactions between the prime coat and metal reoxidation product were evaluated and 
compared with most commonly used zircon prime coat.  Zircon prime coat performs the 
best and has a relatively thin reaction layer in which the zircon decomposes into ZrO2 and 
SiO2.  TiO2 and SiO2 have a significant amount of interaction as predicted.  SiO2 also 
causes Nb depletion at the surface of the casting, and possibly reduces the mechanical 
properties of the casting.  MgO-Al2O3 spinel was found not suitable in application with 
colloidal silica binder.  Due to the different types of surface charges that MgO-Al2O3 
spinel and SiO2 carries within test pH range, the slurry agglomerates easily.  Future effort 
such as coating spherical MgO-Al2O3 spinel with ammonium salt of polymethacrylic acid 




7.  CONCLUSIONS AND FUTURE WORK 
An improved laser flash method using a three-dimension optical profiler to 
determine effective specimen thickness was developed.  This new method allows one to 
measure the thermal properties (thermal conductivity, heat capacity, thermal diffusivity) 
of a porous material.  This is also considered the most suitable method to physically 
measure the thermal properties for porous thin specimens (around 2 mm).  Thermal 
properties of investment shells were measured from 200°C to 1200°C.  Accuracy was 
satisfactory in that the measured values were consistent with theoretical values and other 
literature values. 
Data from the laser flash method are measured under the near-equilibrated 
condition, thus cannot be directly used at investment casting industrial sites for 
simulation.  This is due to the fact that enthalpy changes associated with reaction and 
devitrification before the tests are neglected.  However, it is beneficial to use those values 
as the starting point for the inverse method.  This can greatly reduce the number of 
simulation iterations needed to approach a well-fitted case and reduce the potential 
extrapolation error which could reach non-relevant function minima in the iteration steps 
estimates.  This combination of laser flash and the inverse method was used to develop a 
database for several most commonly used investment shell molds at the temperature 
range from 200°C to 1200°C.  The databases have been deployed by Magmasoft and are 
now used in the simulations at several industrial sites, with satisfactory results reported.  
The effect of prefiring temperature on thermal and mechanical properties was 
investigated.  It was found that for prefiring temperatures below the devitrification 
temperature (1000°C), a higher prefiring temperature reduces the reactivity of the silica 
binder toward devitrification, thus resulting in less cristobalite formation upon reheating.  
Consequently a lower thermal conductivity shell mold can be engineered.  This work can 
help industrial people choose prefiring temperature more wisely, thus achieve desired 
shell mold properties.  This work can also provide some background knowledge for other 
researchers on reclaiming investment shells, where minimizing the devitrification to 
avoid crystalline formation may be achieved. 
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Cenosphere-stuccoed shells were found to be effective to lower the thermal 
diffusivity by up to 70% but still provide a favorable thermal diffusivity/mechanical 
strength ratio.  This work can broaden the ways for investment casting facilities to better 
control the shell properties for some particular purposes, for example, control of casting 
solidification, providing better filling at thin sections, increasing riser efficiency and 
increasing yield. 
The metal/mold interactions for several prime coat materials were studied.  This 
work analyzed the reoxidation products of CF8 steel and their reactions with all of the 
studied materials were modeled with FactSage.  Zircon was found to be the best prime 
coat among those studied.  MgO-Al2O3 spinel thermodynamically appears to be suitable, 
however, slurry stability is another important factor for developing this as a slurry 
system.  The preliminary work of coating spherical MgO-Al2O3 spinel flour with 
ammonium salt of polymethacrylic acid provided a direction for substituting for zircon in 
the future. 
 Recommendation for future work includes continuously providing reliable 
thermal property databases of particular investment shell molds to industrial casters.    
There is an opportunity to improve the understanding of the laser flash method.  
When the laser energy wave travels through the specimen, the first temperature response 
at the rear surface of the specimen may not be exactly on the averaging surface.  As 
instrumentation develops to meet Nyquist criterion at the level of surface pore sizes, 
infrared imaging of the rear surface of a specimen could provide more information on 
differential transport through a material with surface porosity.  In this case, the thickness 
of specimen that is most representative to the laser energy transport can be determined.  
To verify this, the thermal conductivity of the same specimen should be tested using both 
the hot wire method and laser flash technique.   
The devitrification of colloidal silica binder is a thermally activated process.  The 
study on the effect of prefiring history on the thermal/mechanical property needs to be 
extended to different prefiring times.  Those time/temperature data can be used to 
develop a kinetic model that better describes the devitrification of colloidal silica binder.  
This will allow one to estimate thermal/mechanical properties given any prefiring history 
with limited experimental tests.   
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Zircon substitution is still a challenging topic.  The shell/reoxidation product 
reaction index as well as the test methodology developed in this study can be used to 
evaluate the performance of other possible materials.  Based on the thermochemical 
evaluation, MgO-Al2O3 spinel can be a very good substitution product, but more efforts 
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Prediction of solidification shrinkage during investment casting requires applicable and 
realistic thermal properties of the ceramic shell. The objective of this research was to 
study the thermal properties of ceramic investment casting shells using different 
measurement methods and to evaluate the applicability of this data for the modeling of 
the investment casting process using casting process simulation software. Thermal 
properties of an industrial shell were investigated using the Laser Flash method and 
compared to previous DSC results. In addition, to assess the properties determined by 
these physical methods, inverse modeling of experimental cooling curves was performed. 
A melt with known properties (pure Ni) was poured into the ceramic shell molds which 
had thermocouples located in the center of casting and outside the shell layer. Inverse 
modeling using the proprietary casting process simulation software, MAGMASOFT® 
and its additional optimization tool were applied to calculate temperature dependent heat 
capacity and thermal conductivity of the shell. The effects of the shell microstructure and 
porosity on thermal properties are discussed. A modified laser flash procedure is 
presented which minimizes the influence of open pores at the surface. The 
experimental/modeling data were compared to theoretically predicted data. The results 
obtained will be used for improving the precision of investment casting process 
modeling. 






Steel casting solidification significantly differs in relatively thin (5-15 mm 
thickness) ceramic shells when compared to more massive sand molds. A typical sand 
mold can be considered as a semi-infinite cooling medium during casting solidification. 
In the investment casting shell, two different heat transfer scenarios are possible, 
depending on casting-to-shell wall thickness ratio: i) most of the melt superheat and 
latent heat are accumulated by the shell and shell enthalpy plays a major role in thin-
walled casting solidification and ii) a significant part of latent heat transfers through the 
shell to environment so that shell thermal conductivity controls solidification in the case 
of relatively thick-walled casting.  
Considering that a variety of ceramic shell compositions and processing 
parameters are currently available, the investment casting process allows providing a 
desired and controllable solidification mode, including cooling rate and thermal gradient. 
It is important to note that the ceramic shell could be considered as a material with 
moderate porosity (10-30%) having some volume fraction of open interconnected 
porosity which provides air permeability
1,2
. The variation in levels of porosity strongly 
affects mechanical and thermal properties of ceramic molds
3-5
. The porosity of an 
investment casting shell depends on shell formulation, processing, and thermal history. 
Moreover, shell porosity can be specifically engineered such as applying sacrificial 
additions like graphite particles
6
. Variations in slurry viscosity, stucco particle size, and 
method of stuccoing (rain fall versus fluidized bed) can develop monolithic or layered 
shell structure
7
 which influences shell porosity and properties.  
Another important factor is shell processing thermal history. Typically shells are 
exposed to high temperature during pattern removal, sintering/burnout and preheating 
before pouring. Considering that colloidal silica binder as well as filler and often stucco 
ceramics are amorphous silica to a significant extent, the degree to which the amorphous 
to crystalline transformation which takes place during high temperature processing
8
 can 
also affect the thermal properties of the shell.  
Generally speaking, three main approaches can be used for evaluation of ceramic 
shell thermal properties. The first approach can be estimation based on tabulated thermal 
properties of pure monolithic oxides and the rule of mixtures. The high porosity of a real 
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investment casting ceramic mold shell provides significantly different properties when 
compared to a monolithic ceramic
4
. Eq.1 was proposed for estimating thermal 




                                                 kr = exp(−1.5φ/(1−φ))                                                      (1) 
 
where: φ is the porosity, and kr = k/k0 is the relative thermal conductivity, with k 
denoting the effective thermal conductivity of the porous material and k0 denoting the 
thermal conductivity of the solid phase. 
In the second approach, different physical methods are used for experimental 
measurements. In laser flash method, a homogenized laser beam as heating source for 
front surface and infrared thermometer to measure temperature response on back surface 
is used for determination of shell properties
4, 9
. The main problem with this approach 
follows from using a small specimen size (two mm thick disc) while shells are non-
homogeneous on a relatively large scale. Large pores in the shell, sized on the order of 
hundred microns, can produce measurement distortions. For example, pores at the surface 
of specimen would significantly reduce effective thickness. To counter this distortion, 
Garcia
10
 suggested attaching two thin copper disks to a porous specimen to ensure a 
known effective thickness. However this method is not applicable for a brittle investment 
ceramic shell.  
Connolly et al.
9 
measured the specific heat capacity of investment casting shells 
prepared from a slurry consisting of a 3.7:1 (by weight)  mixture of zircon and silica in an 
aqueous colloidal silica solution. Huang et al.
11
 measured thermal conductivity of 
investment casting ceramics using hot wire method but they obtained the data for pure 
materials used in investment casting processing and not the composite shell structure. 
Most of the work done so far is limited to temperatures about 800°C or less due to 
difficulties in measurement at higher temperatures. Also, porosity in the shell structure 
accounts for the considerable variation in the measurement.  
In the third approach, the “inverse method” which characterizes the thermal 
properties of the entire shell is used. In this case, a shell with installed thermocouples is 
poured with a pure liquid metal which has well defined properties. Shell thermal 
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properties are estimated by running multiple computational fluid dynamic (CFD) 
simulation iterations varying the thermal conductivity and specific heat capacity over a 
range of different values in an effort to fit the calculated cooling curves to the 
experimental cooling curves for the shell and alloy
12, 13
. Sabau and Viswanathan
14
 studied 
thermo-physical properties of zircon and fused silica based investment casting shells 
using the “inverse method”. They measured thermal diffusivity (a) of zircon based prime 
coat and generated Cp and coefficient of thermal conductivity (K) data from it. 
In this paper, the determination of temperature-dependent thermal properties of 
industrially-produced investment mold shells was done based on combination of different 
experimental and modeling approaches including direct laboratory measurements of 
thermal properties and application of “inverse method” CFD analysis to experimentally 
generated cooling curves.  High purity nickel was used as the metal of known properties 




Thermal Properties Measurements.  In a laser flash thermal diffusivity test, a 
small specimen is subjected to a high intensity short duration radiant laser pulses. Typical 
specimen disc dimensions are 12.7 mm diameter by 2 mm thickness. To insure similar 
emissivity, the front and rear faces of both the reference and the test specimens are 
covered with graphite spray coating. The energy of the pulse is absorbed on the front 
surface of the specimen and the resulting rear face temperature rise is recorded. The 
thermal diffusivity value (α) is calculated15 from specimen thickness (l) and time (t1/2) 
required for rear face temperature to reach 50% of its maximal value (eq. 2): 
 
                                        α = 0.1388L2/t1/2                                                                   (2) 
 
In differential laser flash calorimetry, a reference specimen (subscript “R”) and 
the test specimen (subscript “M”), are mounted together under the same condition at the 
same temperature and irradiated uniformly with homogenized laser beam. The 
temperature rise (ΔT) of the reference (graphite) with known specific heat capacity (Cp) 
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and the specimen (shell) are measured with non-contact infrared radiation thermometer. 
If the density (ρ) of the shell is known then specific heat capacity of the shell can be 
calculated (Eq.3): 









                                               (3) 
 
Finally, thermal conductivity (K) of the shell can be calculated by substituting 
measured value of specific heat capacity along with the thermal diffusivity in (Eq.4): 
  
                                                                K = ρCp                                       (4) 
 
Here it is important to note, the standard laser flash method was designed for 
dense specimens while measurement of highly porous materials has associated 
difficulties in defining the applicable specimen thickness L used in Eq. 2.  To evaluate 
the effective specimen thickness and density, a three-dimensional high resolution optical 
profiler Micro Photonics was used to measure the real surface topology (Fig.1). Based on 
these measurements taken from both sides of specimen, the effective thickness Lef and 
density were determined and these data were used in Eq. 2 and Eq. 3 to calculate 
diffusivity and heat capacity. The laser flash tests were performed from 200°C to 1200°C 
at the intervals of 200°C. Three runs of each type of sample were conducted and the 





Fig. 1. Topology of specimen surface used for laser flash test 
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Densities of the samples were measured before and after laser flash testing by 
Archimedes method
16 
and He pycnometer. These results were used for calculation of bulk 
density, open porosity (accessible to water), total porosity and closed porosity. In 
addition, the effective density for laser flash method was calculated based on average 
specimen thickness using optical profiler.  
Experimental Cooling Curves and Inverse Modeling.  The shells to be studied 
were produced by an industrial steel investment casting facility. The shells were built 
around extruded rigid (blue) EPS rectangular shape pattern of dimensions 76.2 mm wide 
by 76.2 mm tall by 25.4 mm thick which was attached to a ceramic pouring cup (Fig. 2). 
The pattern was carefully chemically dissolved by acetone to avoid crack formation in 
the shells and then the shells were fired at 850°C for 1 hour. The shells were allowed to 
cool down to room temperature prior to pouring.  The shells were then entirely wrapped 
with 12.7 mm thick insulating wool (generically made of aluminosilicate fiber), 
Durablanket S (8 pcf), to thermally isolate the shell and limit the influence of the external 
cooling environment.  The shell was then poured with pure nickel at an initial pouring 
temperature of 1513 °C. Properties of pure nickel taken from FACTSAGE
17
 data base 
and are given in Table 1. 
In order to provide the experimental cooling curves for the “inverse method” 
procedure, thermocouples were placed at two locations: inside the casting and near the 
outer surface of the shell (Fig. 2). The cooling curve within the casting was measured 
with a type S thermocouple in a 2 mm diameter quartz sheath. This thermocouple was 
located 38 mm from the bottom of the casting and along the mid-plane of the casting.  
The shell cooling curve was measured using a K-type thermocouple located at the same 
height as the casting thermocouple but one mm inside the outer surface of the mold shell. 
The K-type thermocouple was bonded in place in the shell with seal coat slurry. A 24-bit 
data acquisition system was used to collect the data. 
For this experimental condition, three types of boundaries needed to be 
considered. At the first boundary between the casting and the shell, interface heat transfer 
coefficient (HTC1) was chosen as 3500 W/m
2
K based on published experimental data18. 
This large value of HTC1 indicated that tight thermal contact taking place between the 
solidified casting and the shell. It was also assumed that tight thermal contact takes place 
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at the second boundary between the shell and insulating wool. Thus an estimate of HTC2 
= 1000W/m
2
K at the interface was used as sufficient to provide negligible thermal 
impedance relative to the shell and insulating wool layers, as typically recommended by 
the software producer. Finally, the external HTC3 between insulating wool and 





Fig. 2. Schematic of pattern and ceramic investment casting shell mold 
 
 
Then multiple iterations of CFD modeling were performed while varying thermal 
properties of the shell and insulating wool to fit the experimental and calculated curves 
during solidification. In addition, the temperature dependent external heat transfer 
coefficient HTC3 between the insulating wool and environment was also adjusted.  
The heat capacities and thermal conductivity of the shell and insulating wool as 
well as external heat transfer coefficient HTC3 are the main parameters that influence the 
temperature curves of the casting and the shell. Preliminary modeling showed that 
solidification time and the coordinates of the point where the shell reached the highest 
temperature were mainly influenced by heat capacity and thermal conductivity. For 
higher Cp of the shell, more heat is needed to heat up the shell to a certain temperature 
thus the solidification time will be shorter. Higher K of the shell will allow the heat of the 
melt to flow through the shell more quickly then radiate to the air, which also shortens 
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the solidification time and increases the maximal temperature of the shell. Modeling also 
showed that external heat transfer coefficient HTC3 mainly affected the shell and casting 
cooling rates after solidification was completed (Fig. 3). 
 
 
Table 1. Properties of pure nickel used for inverse modeling 







 K, W/mK 
Solid  
Liquid 













Fig. 3. Inverse calculated thermal curves after optimization fitted to experimentally 
obtained results 
 
RESULTS AND DISCUSSIONS 
Shell Structure and Density.  Because the shell compositions and structures both 
play important roles in shell thermal properties, microstructure of industrial ceramic 
shells was evaluated using Scanning Electron Microscope (SEM) and Energy-dispersive 
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X-ray spectroscopy (EDX) (Fig. 4). The industrial foundry shell had one prime coat made 
from fused silica and zircon flours with approximately 0.37 mm thickness. Five backup 
coats with total 7 mm thickness made from fused silica flour and fused silica stucco, and 
one fused silica flour seal coat (Table 2). 
 
 
Table 2. Components of industrial shells 
 Prime Backup Seal 
Components Zircon Fused silica Fused silica 
slurry 
Thickness, mm 0.4 7 0.1 
 
 
The structure of the shell is illustrated in Fig. 4. The prime coat had a high density 
while the next adjacent stucco layer had a high level of small size (10-50 micron) pores.  
The subsequent stucco layers were built with large particle sizes and had less overall 
porosity while the individual pores had larger sizes (100-400 microns) and were located 
randomly.  In some cases, these large pores were interconnected to each other.  
Porosity of the shells is influenced by processing parameters (slurry viscosity, 
stucco application method) and stucco size distribution. Combination of viscosity and 
stucco size is essential for porosity development
1
. For example, finer stucco with a wider 
size distribution will reduce the porosity of the shell if the slurry has very low viscosity. 
By comparison, higher viscosity slurry which cannot penetrate into a previously built 
stucco layer resulted in high overall porosity level with a small individual pore size.  
Increasing the stucco particle size and slurry viscosity in back up layers results in larger 
pore sizes while overall porosity will depend on the ratio of these parameters. For 
example Fig. 4b and Fig. 4c illustrate different levels of penetration of slurry into the 
previous stucco layer. Better fluidity of slurry with lower viscosity will make the slurry 







   
(b)                                     (c) 
Fig. 4. SEM microstructures of industrial foundry shell, prime coats locate at the bottom 
(a), examples of limited (b) and completely (c) filled gap between stucco particles 
 
 
For evaluation of shell density, whole pieces of the shell containing all layers 
were examined as a first step. Table 3 shows overall bulk density and open porosity 
accessible for water obtained from Archimedes method. This test provided an average 
density of whole shell. In addition, theoretical density of a shell specimen after crushing 
to -100 mesh was obtained from He-pycnometer. In this case, effect of internal closed 
porosity was eliminated because He-gas has no restriction for penetration into small size 
pores when compared to water during testing by Archimedes method. Then the total 


























porosity, % Whole 
shell  
Crushed shell  
1.64 2.27 2.41 21.7 10.0 31.7 
 
 
The total level of porosity as determined by pycnometer was high (31.7%) with 
major part of open pores (21.7%) accessible by water from both sides of the specimen 
during Archimedes testing. The data were obtained at room temperature for the shell fired 







 were used for correction of high temperature densities. 
Defined bulk density was used in the “inverse method” because this method 
assumes heat flux going through the whole shell. In inverse calculation, the real porous 
material was considered as non-permeable solid media with an average bulk density. By 
comparison, in the laser flash method, laser energy is absorbed directly by the external 
front surface and an average infrared temperature response was also measured on porous 
rare surface. In the case of laser flash measurement, the effective thickness of a specimen 
as defined from three-dimensional optical profiler was used for calculation of density and 
heat diffusivity (Eq. 2 – Eq. 4).  
The laser flash method can be used for measurement of local shell properties, in 
particular, prime coats and back up coats separately. To determine the local properties of 
the shell, two-mm thick disks were machined from both prime coat (inner) and back up 








Table 4. Density and porosity of inner (prime coat) and outer (backup coat) layers of the 
shell 























Inner 1.50 2.15 30.18 1.59 
Outer 1.61 2.22 27.67 1.78 
 
 
It was observed that density of the inner specimen containing prime coat and 1~2 
backup coats had lower density and higher porosity than that from outer layers of the 
shell, which are backup coats. This difference followed from the microstructures of these 
specimens (Fig. 4a). In particular, the inner specimen comprised prime coat and first back 
up layer made with fine stucco. High viscosity of the applied slurry did not allow it to 
penetrate among fine stucco particles, resulting in development of high macro-porosity. 
The outer specimen from backup coats had larger size pores but with lower overall level 
of porosity and higher density.  
Comparison among Different Methods.  Specific heat capacity and thermal 
conductivity of the inner and outer specimens from the ceramic shell as measured by 
modified laser flash method are shown in Fig. 5. It is obvious that the specimens taken 
from each side have similar Cp values over the temperature range tested while the thermal 
conductivity (K) of the inner specimen is lower than that outer specimen due to higher 
porosity. 
Two sets of thermal properties data were obtained by “inverse method”: (i) for 
insulating wool (Table 5) and (ii) for ceramic shells (Fig. 6).  These data characterize the 






Table 5. Insulating wool thermal properties 
 T, °C 300 600 900 1200 
Calculated K, W/mK 0.06 0.15 0.25 0.32 
Cp, J/kgK 950 1050 1080 1100 
Manufacture 
provided 
K, W/mK 0.08 0.18 0.30 - 
Cp, J/kgK 1130 J/kgK at 1093 °C 
 
 
The high temperature thermal properties of the ceramic shell which were 
experimentally obtained with laser flash method were compared to those obtained from 
inverse modeling of the casting process data as well as to theoretically predicted values 
from the properties of pure refractory materials
17,20
 considering the porosity effect using 
Eq. 1. Fig. 7 shows the specific heat capacity of the shell obtained from different 
methods, as well as Cp values of the pure refractory materials at different temperatures.  
The heat capacity values of pure materials and the shell substantially increase 
with increasing temperature. Temperature dependent specific heat capacities of the shell 
from experimental measurement and inverse calculation results are larger than values 
predicted by the mixture rule (20wt% zircon + 80wt% silica) for pure crystalline 
materials. This is possibly due to endothermic reactions among shell components or 
phase transformation within the amorphous silica at high temperature. The rate of these 
reactions will affect the measured Cp values. For example, the “inverse method” showed 
a larger Cp value than laser flash because this method is associated with more 
instantaneous measurements of a property including latent heat associated with phase 
changes as compared to the partially thermally stabilized specimen condition used in the 
laser flash test. To prove the unsteady state effects on Cp values, Cp measured by laser 
flash and Cp from inverse calculation results were compared with the previously 
published
4
 Cp values of a silica ceramic shell obtained with DSC which provided an even 
larger Cp at high temperature due to longer exposure time. DSC indicated a lower value at 
low temperature due to phase reconstitutions upon heating while “inverse method” 
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actually gave the properties of shell during cooling where some of phase reconstitutions 




                                       (a)                                                               (b) 
Fig. 5. Specific heat capacity (a) and thermal conductivity (b) of inner and outer 












Fig. 7. Comparison of specific heat capacity (Cp) of 
industrial foundry shells obtained from different methods 
 
 
Fig. 8 shows the thermal conductivity of the shell obtained from different 
methods, as well as K values of the pure refractory materials at different temperatures. 
Thermal conductivity of pure zircon decreases with increasing temperature because 
increasing lattice vibration energy and crystal imperfections such as boundaries and 
dislocations will interrupt with phonons causing phonon scattering. However, K values of 
pure silica (cristobalite) increase with increasing temperature due to activation of photon 
thermal conductivity (thermal radiation in transparent media).  
Because the main component of the specific shell studied is fused silica with a 
colloidal silica (amorphous) binder matrix, the measured thermal conductivity has a 
similar trend to pure silica (cristobalite). Also, the shells had lower thermal conductivity 
at room temperature and higher values at high temperature when compared to pure silica. 
The theoretically predicted values of properties based on properties of the pure material 
components using models that also consider porosity effects (Eq. 1) are significantly 
lower than those obtained from other experimental/modeling methods.  Therefore, the 
theoretical prediction from pure materials using the rule of mixtures and porosity cannot 






Fig. 8. Comparison of coefficient of thermal conductivity (K) of shell obtained by 
different methods and pure materials 
 
 
The results obtained from modified laser flash method gives the best 
correspondence to date with inverse calculation results. In addition, laser flash method 
can be used to measure the local thermal properties of the layered porous investment 
shell, for example, prime coat and different back up layers. These measurements could be 
used to design molds with desired thermal properties by combining multi-layer ceramic 
stucco structure with different thermal properties for each layer. For this multi- layer 
ceramic stucco structure, the effective heat resistance (R, K/W) in steady state heat 
transfer can be estimated as for a sandwich type structure: 
 
                                                                                                                          (5) 
 
where: Ki is coefficient of thermal conductivity of layer i with thickness Li and S is 
surface area. 
Variations in K value and layer thickness will provide the possibility to intensify 




A modified procedure to correct laser flash results for porous specimens has been 
developed. The thermal properties including specific heat capacity and thermal 
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conductivity of industrial shell materials were measured using modified laser flash and 
compared to published data obtained from DSC
4
. Instrumental measurements were 
compared to inverse modeling results using experimentally obtained cooling curves from 
the casting process. The influences of the shell composition and microstructure were 
discussed and thermal properties were compared to pure refractory materials with 
theoretical correction from specimen porosity. 
Discrepancies among CP from different methods were discussed. It can be 
concluded that the “inverse method” provided more realistic average CP values for 
investment casting process when compare to instant values obtained from laser flash 
method. Moreover, in terms of total enthalpy, DSC measured the heat of reactions having 
a higher degree of completion than the extents of reaction which occur in the real casting 
process.  
The theoretically predicted values based on properties of pure material while 
taking the effect of porosity into consideration are not recommended for prediction of 
thermal conductivity of ceramic shells. Laser flash with effective specimen thickness 
correction is recommended to measure the local thermal properties of the porous 
investment shell and “inverse method” has been used to confirm overall shell heat 
conductivity. The data base obtained can be used to improve the precision of 
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ABSTRACT  
The process of photopolymer stereo-lithography (SLA) provides a unique 
opportunity for the rapid prototyping of investment castings having both high surface 
quality and complex geometry from both ferrous and non-ferrous metals. A specific 
internal honeycomb structure gives a combination of high pattern stiffness needed for 
precise replication of geometry by investment shell molds with an extremely lightweight 
of pattern which minimizes the residue after pattern removal. In this article, the thermo-
mechanical properties of SLA patterns (coefficient of thermal expansion, modulus, 
softening and decomposition temperatures) were experimentally evaluated. The 
anisotropy of the thermo-mechanical properties of SLA pattern were shown to depend on 
the orientation of the honeycomb structure. A novel approach for finite element method 
(FEM) modeling of the anisotropic SLA patterns was suggested. A three-dimensional 
thermo-mechanical coupled pattern/ceramic shell modeling was used to predict both 
stress in the ceramic shell during pattern removal and the tendency for crack formation. 
Experiments were performed to verify these modeling predictions. Recommendations for 
the optimal structure of SLA pattern for investment castings were formulated.  
 
 
1. INTRODUCTION  
Investment casting has been widely employed to produce high-quality metal 
components due to its ability to cast complex shaped parts with exceptional surface 
quality and good dimensional tolerance
1
. Wax is the most widely used pattern material in 
investment casting due to its ease of recycling
2
. However, when manufacturing low 
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production quantities, wax can be replaced by polymer patterns which have lower creep 




Expanded polystyrene (EPS) foam can be a substitution for the wax
4
. It is 
manufactured by steam molding and can also be CNC (Computer Numerical Control) 
machined for rapid prototyping. FOPAT (a FOam PATtern material) is a water-blown 
polyurethane foam, developed as an investment casting pattern for high-quality 
investment casting and good surface finish
5
. The SLA pattern was introduced to 
overcome the lead time for hard tooling in complex shaped patterns
6
. An internal 
honeycomb structure was developed to increase the rigidity of the pattern, providing 
enough strength for the investment casting process, while minimizing the residue from 
thermally decomposing the pattern during removal. 
Previous research
7
 has examined the chemical compositions and compared the 
mechanical properties, thermal expansion behavior, and thermal degradation among wax, 
EPS, FOPAT and SLA pattern. This paper will include more detailed information on the 
properties and technical applications of SLA pattern. 
 
 
2. THERMO-MECHANICAL PROPERTIES OF HONEYCOMB STRUCTURE  
2.1 Structure Definition.  The cross-section from the SLA patterns used in this 
study is illustrated in the Figure 1. The cross-section is a 4” x 1” rectangle. It was printed 
as a complete part including the internal honeycomb cores (edge of hexagon is 0.086”) 
and the outer wall (thickness is 0.03”). The pattern was made of a Bisphenol A polymer7. 
Depending upon to the honeycomb orientation, three directions were defined, as shown in 
Figure 1 (c). The thermo-mechanical coupled model using the finite element method 
(FEM) was developed to simulate SLA behavior under various conditions throughout the 





           
(a)                                                     (b) 
 
(c) 
Figure 1. (a) Top and (b) side views of the honeycomb core with outer walls, (c) 






Figure 2. Finite element mesh of the honeycomb core with walls (quarter model) 
 
 
2.2 Mechanical Properties.  The honeycomb cores were cut from SLA patterns. 







modulus of the honeycomb cores along three directions (Figure 3) at room temperature. 
To obtain the comprehensive mechanical behavior of the pattern during heating 
investment shell with pattern (pattern removal), a compression frame with a resistance 
furnace was used to measure the modulus at elevated temperatures (60 
o
C and 120 
o
C). 
The results are given in Table 1. The modulus of the honeycomb core along the Z 
direction had the highest value; it was 10 times larger than that along the X direction. 
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X direction 11.2 0.12 <0.1 
Y direction 18.2 0.15 <0.1 
Z direction 101.5 1.14 0.97 
 
 
The test results from the full SLA pattern experiments considered both the solid 
wall (cover sheet) and the honeycomb core, indicating that the modulus of the pattern 
depends on both of the cover sheet wall thickness and the honeycomb core orientations. 
The SLA pattern (Figure 4) with the dimension 4”(Z) x 4”(Y) x 1”(X), was compression 
tested at room temperatures in different directions. The moduli of both honeycomb cores 
and SLA pattern are listed in Table 2 for comparison. 
 
 
Table 2. Moduli along each compression orientation.  
Pattern  
Compression 






X direction 11.2  
Y direction 18.2 
Z direction 101.5  
SLA pattern 
(4”x4”x1”) 
X direction 34 
Y direction 200 










Figure 4. Sketch of the SLA pattern used for compression tests (Z direction is 
perpendicular to the page and the length is 4”) 
 
 
The exterior wall (surface sheet) dramatically increases the stiffness of the pattern 
and decreases the influence of honeycomb core orientations on the anisotropic modulus 
of the pattern. In the compression test on the full SLA pattern, the modulus differences 
between the Y and Z direction decreased from a factor of six for  the core alone to a 
factor of  1.5 on  the full pattern with cover sheet. This knowledge is important when 
designing the proper arrangement of the SLA pattern. 
2.3 Thermal Expansion.  The SLA honeycomb cores were cut into 2-inch long 
and 0.5 inch by 0.5 inch parallelepiped shaped.  Two 0.64-inch diameter aluminum disks 
were placed on both the top and bottom of the sample and the assembly was  inserted into 
a 0.75inch diameter quartz glass tube submerged in an oil bath for temperature control. A 
small hole in the end of the tube allowed oil to flow inside, thus improving heating the 
sample. Another tube (pusher) was placed on the upper aluminum disk to reflect the 
linear movement which is monitored by a laser proximity probe with 1 µm precision. The 
oil bath was heated at 1 °C/minute by a hot plate beneath the bath. Figure 5  illustrates the 
thermal expansion of the honeycomb core along three directions versus temperature. 
The weight of the glass tube on top of the thermal expansion test was equivalent 
to a constant pressure of 1.6 KPa.  Due to this load and the low modulus in the X and Y 
core directions, the core strucures tested in these orientations partially collapsed at 50
o
C, 
but continued to show some expansion up to 180
o
C. The honeycomb core along the Z 
direction has both a larger modulus and a better structural integrity, allowing for 
continuous expansion over 180 °C. Upon cooling down, the cores were found to have up 








Fig 5. Thermal expansion of the honeycomb core along different orientations 
 
 
The full SLA pattern with the supporting wall was expected to expand to a higher 
temperature than the honeycomb core alone before the entire structure collapsed. To 
determine the maximum temperature to which the entire pattern could expand, a 
resistance furnace was used instead of the oil bath. Special sized SLA patterns (2” x 0.5” 
x 0.5”) were used for these tests. Figure 6 illustrates the thermal expansion of the entire 
SLA pattern along three directions. Table 3 displays the thermal expansion coefficient, 
the maximum expansion amount and the temperature of softening. 
Thermal expansion coefficients for both the honeycomb cores and the SLA 
patterns are listed in Table 4 for comparison. Honeycomb cores had a lower modulus 
along the X and Y directions, lower coefficient of thermal expansion and they collapsed 
at lower temperature. While in the Z direction, the honeycomb structure had a higher 
modulus and can support itself during thermal expansion test until a significantly higher 
temperature. Thermal expansion coefficient of solid piece made of the same material 
without honeycomb structure was tested as well  
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Table 4.  CTE of the SLA pattern and honeycomb cores along three directions 
 
Direction 
Thermal Expansion Coefficient  





Y ~55*10-6 /K 








2.4 Pattern Decomposition.  In the investment casting process, the SLA pattern 
is burned out from the ceramic shell in the furnace. A minimum temperature is required 
to ensure no pattern residue is left in the shell. This residue could potentially result in a 
surface defect on the casting. Thermal gravimetric analysis (TGA) is a traditional, 
reliable method used to study the degradation behavior of solid samples. TGA was 
conducted using a TA-1000 analyzer in air and nitrogen from room temperature to 600 
o
C. The heating rate was 25 
o
C/min. The gas flow rate was 40ml/min. Figure 7 illustrates 
the thermal degradation of the SLA pattern in both air and nitrogen. No significantly 
difference was found in the thermal degradation in between air and nitrogen. 
Additionally, the SLA pattern was completely combusted at 600 
o
C, indicating the 






Figure 7. TGA results of SLA pattern 
 
 
To better understand the thermal behavior of the polymeric material, the glass 
transition temperature (Tg) of the polymer pattern was obtained using DSC (TA- Q2000). 
The pattern was first heated from room temperature to 180 
o
C in the DSC instrument, 
then was immediately quenched in liquid nitrogen and held for 1 minute. A 2mg 
(approximately) quenched sample was tested from -38 
o
C to 210 
o
C at a heating rate of 20 
o
C /min in nitrogen. The glass transition temperature was found to be approximately 55 
o
C (Figure 8). This finding corresponds with the temperature at which the thermal 
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expansion was interrupted (Figure 5 and Figure 6). The glass transition temperature also 
correlated the modulus behavior, with a decrease value at 60 
o




Figure 8. DSC curves of the SLA patterns 
 
 
3. FEM MODELING AND EXPERIMENTAL VERIFICATION 
3.1 Novel Modeling Approach.  The complex honeycomb core model was 
constructed first by extruding shells from the Z direction with hexagon shapes, 
accompanied by two extrusion cuts from two directions perpendicular to hexagon edges 
in X-Y plane. As shown in Figure 9, the honeycomb core was meshed by four-node shell 
elements with a thickness of 0.5 mm. An elastic material model without strain hardening 
(ideal plasticity) was used. 
Compression tests in ABAQUS software were conducted as comparison to 
experiment data to verify the accuracy of the finite element model. During the 
compression test, the loading rate was 2 mm/min. Because of the unique structure and 
anisotropic behavior of the honeycomb core, compression tests were performed in three 
different directions. Figure 10 illustrates the honeycomb core collapsing during these 
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virtual tests. The maximum displacement of die in the compression test was 4 mm and 




Figure 9. Finite element mesh of honeycomb core (1 in. × 1 in. ×1 in.) 
 
 
Figure 11 illustrates the stress-strain curve obtained from the FEM model for the 
honeycomb core compression. As shown in Figure 12, the degree of fit between the 
calculated moduli from both the FEM results and the experimental results indicate that 
the FEM model could represent the pattern behavior well during the real investment 
casting process. 
3.2 Technological Applications. 
3.2.1 Sla Pattern Deflection and Dimensional Tolerance.  In investment casting 
process, when dipping the low density pattern with long or thin part in the slurry, wall 
deflection could affect casting dimensional tolerance or even cause physical damage to 
the pattern. Deflection during the SLA pattern dipping process was studied using FEM 
modeling. Figure 13 illustrates both the generated finite element mesh and the 
dimensions of the pattern used in the FEM model. Pattern wall thickness is 0.03” and the 











(a) X direction                          (b) Y direction 
 
(c) Z direction 
Figure 10. Deformation and stress distribution of the honeycomb core for the 














(a)                                    (b) 
Figure 12. Moduli of the honeycomb cores(a) and the entire SLA pattern(b) from 







Figure 13. Mesh of the SLA pattern (Dipping in the X direction) 
 
 
In the model, the SLA patterns with differing internal structure orientations 
parallel to the plate thickness were dipped into the slurry. The root section of the SLA 
pattern was fixed and the SLA pattern acted as a cantilever beam. The gravity forces of 
the SLA pattern were applied on the entire model and floating forces (vertical) were 
implemented on the SLA pattern as well. A static analysis was conducted to find the 
deflection of the SLA pattern (Figure 14). Table 5 displays the deflection of the dipping 














Table 5. Deflection of the SLA plate 
Direction of the honeycomb 









The previous compression test indicated that the modulus of the SLA patterns 
largely depended on the facesheets thickness. Increasing the facesheet thickness also 
tends to reduce the modulus anisotropy of the SLA pattern which results less difference 
in deflections while dipping patterns with different orientation of internal structure. 
Conversely, high discrepancies will be observed during dipping if thinner facesheets are 
used and larger dimensions are involved in dipping. 
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3.2.2 Stress in Shell and Crack Prevention.  In the investment casting process, 
the pattern is either burned out in a furnace or melted in an autoclave. Expanding the 
pattern can apply significant stress to the shell, causing the shell to crack during the 
pattern removal process. To better understand the SLA pattern removal process, 
experimental studies of the process were conducted. SLA patterns (1” x 3” x 3”) with 
different orientations were used to experimentally investigate shell crack. Both 5-layer 
and 6-layer silica shells were built around the pattern and burned out by flash firing at 
800 
oC. The shell’s physical and mechanical properties are listed in the Table 6. Shell 
failure strength was calculated from three point bend tests (ASTM C1161
8
) while shell 
bulk density was measured with Archimedes’ method9. 
A thermo-mechanical coupled finite element model was developed to simulate the 
shell cracking during the pattern removal process and compared to experimental results,. 
To better capture the brittle behavior of the ceramic shell under thermal loading, a 
smeared crack model was used to simulate the shell crack development
10
. Cracking is 
assumed to occur when the effective stress reaches crack detection surface failure 
criterion. When a crack has been detected in the model, its orientation is stored and the 
stress and material stiffness are modified for subsequent calculations. It would be a 
computational expensive process to model each case using the full geometric 
representation of honeycomb core. Alternatively, to improve computational efficiency, a 
quarter model was used due to the symmetry of the model, and the internal honeycomb 
core structure was treated as a simple bulk with a modulus anisotropy (Figure 15). 
The finite element model was built according to the testing setup illustrated in 
Figure 15. A finer mesh using biased meshing technique was applied around the contact 
region between the ceramic shell and the pattern. The ceramic shell model used the 
experimentally measured shell mechanical properties (Table 6) and previously tested 
thermal properties
11
. FEM model results (Table 7) indicate that the maximum principal 
stress in the 5-layer shell was close to the shell failure stress - 4.7 MPa, which 
corresponded to experimental results. In the 6-layer shell, the maximum principal stress 
was at 80% of the shell failure stress, so it would not cause the shell to crack. Figure 16 
illustrates an example of temperature and stress distributions in the 5-layer shell. The 
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stress was concentrated at the corner and along the edge. It is recommended that having a 
radius on the corner and the edge would help reduce the stress concentration. 
 
 





Table 6. Shell crack record during 800 
o












































5.6 X-axis  
(x direction) 
4.7 4.638 Yes 
1-2 5.6 X-axis 
 (y direction) 
4.7 4.555 Yes 
1-3 5.6 X-axis  
(z direction) 
4.7 4.701 Yes 
2-1 6 7.2 X-axis  
(x direction) 






                                               (a)                                               (b) 







3.2.3 Optimization of the SLA Pattern Structure.  These studies indicate it is 
possible to optimize both the internal structure and sheet thickness of the SLA pattern to 
obtain the best combination of: (i) maximum stiffness in the dipping direction, (ii) 
minimum stress in the shell during pattern removal, and (iii) minimum pattern weight. 
FEM was used to calculate these parameters. An example of possible optimization is 
given here. A 0.5” x 2” x 4” sized pattern was designed as stress sensitive to the 
arrangement changes. If the pattern is an isotropic material pattern, like the wax, the 
pattern will expand the most along the 4” direction upon heating. This thermal expansion 
will provide the highest stress on the shell. The honeycomb structure of the SLA pattern 
allows the modulus of the pattern to decrease and helps to reduce the stress on the shell 
during firing. Various options were verified with the FEM model (Table 7).  In the case 
1~3, halving the wall thickness of the surface sheet reduced the maximum stress on the 
shell by approximately 10%. Following the discussion in Table 2, the wall would 
significantly change the anisotropic modulus of the SLA pattern which depended on the 
wall-to-core ratio as well as the honeycomb core arrangements. Putting the orientation 
with the lowest overall modulus along the largest dimensional direction is ideal to further 
minimize the stress when using the SLA pattern. Case 1~3 in Table 8 (with different 
orientations) had up to a 10% difference in the maximum principal stress. Other factors 
that could influence the behavior of SLA pattern during the application including the size 
and thickness of the hexagon in the honeycomb structures will be investigated by both 
experiments and FEM modeling in future work. 
 
 













maximum principal stress 
(MPa) 
 
1-1 X Y Z 5.5 0.03 4.029 
1-2 X Y Z 5.5 0.015 3.713 
2-1 X Z Y 5.5 0.03 4.201 
2-2 X Z Y 5.5 0.015 3.687 
3-1 Z X Y 5.5 0.03 4.186 




The thermo-mechanical behavior of SLA patterns, with a honeycomb internal 
structure, in the investment casting process was investigated. Three different honeycomb 
arrangements were defined. Thermal expansion and compression behavior were studied 
on both internal honeycomb cores and full SLA patterns. TGA was used to understand 
the degradation of the SLA pattern during the pattern removal process. The glass 
transition temperature, determined by DSC, explained the discontinuity during thermal 
expansion and decreased moduli at higher temperature. 
The FEM model was used to calculate the moduli of the honeycomb cores and the 
SLA pattern. Data obtained from experiments was applied to the finite element model to 
simulate deflection during the pattern dipping process. Shell cracking during the pattern 
removal process was modeled, and the stress on the shell was analyzed by a three-
dimensional thermo-mechanical coupled finite element model. Factors influencing the 
stress during pattern removal were investigated with the FEM model. The understanding 
obtained can be used for pattern design optimization to minimize the stress on the shell 
while preventing cracking during shell dipping. More factors, including the hexagon 
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